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SYMBOLS 

Q heat t r a n s f e r  coe f f i c i en t ,  kcal/m2hr"C 

93 heat  t r a n s f e r  coe f f i c i en t  a t  phase separat ion boundary, 
kcal/m2hr"C 

q s p e c i f i c  heat  flow, kcal/m2hr 

qcr  c r i t i c a l  heat  flow, kcal/m2hr 

t temperature, O c  

T Temperature, "K 

Tcr c r i t i c a l  temperature, "K 

A t  temperature difference,  "C 

temperature d i f f e rence  between heating surface and l i q u i d ,  "C 

d i f f e rence  between temperature on heating surface and 

sa tu ra t ion  temperature, " C  

P pressure,  atm. abs. 


P C r  
c r i t i c a l  pressure,  a t m .  abs. 


r heat of vaporizat ion,  kcal/kg 


C
P 

s p e c i f i c  hea t  capaci ty ,  kcal/kg"C 


A heat conductivity coe f f i c i en t ,  kcal/mhr°C 


Y s p e c i f i c  g rav i ty  of l i q u i d ,  kg/m3 


Y" s p e c i f i c  g rav i ty  of vapor, kg/m3 

U coe f f i c i en t  o f  surface tension,  kg/m 


V coe f f i c i en t  of kinematic v i scos i ty ,  m2/hr 


a coe f f i c i en t  of temperature conductivity,  m2/hr 


IJ coe f f i c i en t  of dynamic v i scos i ty ,  kg*sec/m2 


'k coe f f i c i en t  of volumetric expansion, 1 / " C  


0 contact wetting angle, deg 


P *  vapor seed r ad ius ,  m 

R vapor bubble r ad ius ,  m 


f frequency of separat ion of vapor bubbles, l/sec 


d0 diameter of separat ing vapor bubbles, m 

F surface area,  m 2  


d diameter, m 

z length,  m 


V 




T time, h r  


x, y coordinates 


g acce le ra t ion  of  fo rce  of g r a v i t y  (9.81 m/sec2) 

A thermal equivalent of work (1/427 kcal/kg em) 


B universal  gas constant 

g


K Bolt zman 's const ant (1.38- 10-1 erg/OK) 


e* electron- charge 

M molecular weight; 


Nu = ad/X Nusselt number 


P r  = v / a  Prandtl  number 


G r  = Bk 7
gd3 A t  Grashoff number 

SUBSCR I PTS 

S s a t u r a t i o n  

W wall 

z l i qu id  

vapor 
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I NTRODUCT I ON 

The inves t iga t ion  of hea t  exchange during t h e  bo i l ing  of metals began 
with mercury a t  t h e  end of  t h e  1920's i n  connection with t h e  attempts t o  
c rea t e  binary power suppl ies .  In  t h e  Soviet Union during t h e  period before  
t h e  war, experiments with bo i l ing  mercury were performed a t  t h e  Central  
Boiler-Turbine I n s t i t u t e  by M .  A.  Styrikovich e t  a1 [l,  21, A. I .  
Lozhkin and A. A .  Kanayev [ 3 ,  41. The p r inc ipa l  r e s u l t s  of t h e  inves t i ­
gat ions during t h i s  per iod,  both domestic and fore ign ,  are presented i n  
[4].
experiments were continued with t h e  bo i l ing  mercury [SI, s ince  binary power 

In  t h e  first years  a f te r  t h e  war i n  t h e  USSR, only a few individual  

M .suppl ies  had not become widespread. I n  t h e  1 9 5 0 ' ~ ~  I .  Korneyev [6-81 
performed inves t iga t ions  i n t o  hea t  exchange during t h e  bo i l ing  of  pure 
mercury and amalgam under condi t ions of f ree  convection and with forced 
movement. Up t o  t h e  present  time, severa l  more experimental works on hea t  
exchange during t h e  bo i l ing  of  mercury and amalgam have been published 
[9-131 . These works have revealed c e r t a i n  individual  f ac to r s  (heating 
sur face  mater ia l s ,  addi t ion  o f  sur face-ac t ive  mater ia l s ,  e t c . )  inf luencing 
t h e  heat  exchange during t h e  bo i l ing  of mercury. However, i n  order  t o  
provide r e l i a b l e  heat  removal by bo i l ing  mercury (par t icu lar ly  f o r  g rea t  
thermal flows, approximately 106 kcal/m2 h r  and higher)  a number of prob­
lems remained t o  be solved. 

The f irst  d a t a  on hea t  t r a n s f e r  during t h e  bo i l ing  of a l k a l i  metals 
(sodium and sodium-potassium a l loy)  were published by Lyon e t  a1 [9] i n  
1955. In  recent  years ,  a number of experimental works have been published 
on heat  exchange during bo i l ing  of a l k a l i  metals.  Heat t r a n s f e r  has been 
invest igated during t h e  bo i l ing  of sodium [14-19, 351 , potassium [16, 201 , 
cesium [21] and an a l loy  of  sodium-potassium [22] under conditions of 
f r e e  convection; and potassium [23-30, 341 , rubidium [31, 321 , cesium [32]
and sodium [28, 331 with forced c i r cu la t ion .  

Data on t h e  c r i t i c a l  hea t  flows with f r e e  convection have been pub­
l i shed  f o r  sodium 114, 18, 33, 36, 371, cesium [38], potassium [37, 391 and 
rubidium [37]. Data have been produced on c r i t i c a l  heat  flows with forced 
c i r cu la t ion  f o r  potassium [23, 26,  341 and sodium [33]. 

The i n t e r e s t  i n  t h e  inves t iga t ion  of  hea t  exchange during bo i l ing  o f  
metals r e s u l t s  from t h e  following p r inc ipa l  f a c t o r s .  

1. Some metals can be used as  working media i n  power p l an t s  with vapor 
turb ines  [40, 411. 

2 .  The vapors of a l k a l i  metals can be used f o r  t he  acce lera t ion  of 
l i qu id  metal i n  MHD-generators [42, 431. 

3.  In c e r t a i n  high energy i n s t a l l a t i o n s ,  f o r  example i n  atomic r eac to r s  
with sodium as a hea t  t r a n s f e r  medium, loca l  bo i l i ng  of  t h e  heat  t r a n s f e r  
medium may occur i n  emergency s i t u a t i o n s  [44]. 

vii 


IA I 



4. The bo i l ing  of metals can a l so  be used t o  ca r ry  hea t  away from 
t h e  anodes of  powerful generator  tubes,  from c r y s t a l l i z e r s ,  i n  t h e  melting 
of r e f r ac to ry  metals and i n  a number of o ther  cases when l a rge  heat  flows 
must be  ca r r i ed  away a t  a high temperature l e v e l .  

5. Heat exchange by evaporation is  important i n  t h e  operat ion of  a 
heat  pipe,  which i n  many cases  uses  metals a s  t h e  working medium [45]. 

6 .  The s tudy of t h e  bo i l ing  of  metals i s  of doubt less  i n t e r e s t  f o r  an 
understanding of t h e  problem of  bo i l ing  i n  general ,  s i n c e  many proper t ies  
of metals d i f f e r  s t rongly  from proper t ies  of non-metall ic hea t  t r a n s f e r  
media. 

The d i f fe rences  i n  t h e  proper t ies  of these  groups of hea t  t r a n s f e r  
media lead t o  d i f fe rences  i n  such important c h a r a c t e r i s t i c s  f o r  hea t  
exchange during bo i l ing  as t h e  speed and frequency of  separa t ion  of  vapor 
bubbles, t h e  dimensions of vapor nuc le i ,  t he  w e t t a b i l i t y  o f  t h e  heat ing sur­
face,  t he  s t a b i l i t y  of  operat ion of  vapor formation centers ,  t h e  r e l a t ion ­
sh ip  between t h e  quant i ty  of  hea t  t r a n s f e r  through t h e  boundary layer  by 
t h e  vapor and t h e  l i q u i d  and o the r s ,  although t h e  fundamental r u l e s  which 
determine t h e  hea t  exchange during bo i l ing  a r e  common f o r  metals and non­
me ta l l i c  l i qu ids .  

The same modes of hea t  removal have been produced i n  metals under con­
d i t i o n s  of f r e e  convection (heat removal by convection with subsequent hea t  
t r a n s f e r  by evaporation from t h e  f r e e  sur face ,  hea t  removal with developed, 
uns tab le  and f i l m  bo i l ing)  a s  have been produced with o the r  l i qu ids .  For 
example, with developed bo i l ing ,  t h e  dependence of  t h e  heat  t r a n s f e r  
coef f ic ien t  on t h e  hea t  flow f o r  metals i s  approximately t h e  same as  f o r  non­
metallic l i qu ids ,  while t h e  value of c r i t i c a l  hea t  flow increases  with 
increasing pressure.  However, t h e  da t a  ava i lab le  a t  t h e  present  time ind ica t e  
(along with t h e i r  common fea tu res )  some d i f fe rences  i n  hea t  exchange during 
t h e  bo i l ing  of metals and non-metall ic l i qu ids ,  r e s u l t i n g  from t h e  d i f fe rence  
i n  proper t ies  of  these  hea t  t r a n s f e r  media. For  example, a l k a l i  metals have 
a c h a r a c t e r i s t i c  high (frequent ly  exceeding 100°C) superheating of t he  
l i qu id  on the  heat  t r a n s f e r  sur face ,  which i s  necessary f o r  bo i l ing ;  unstable  
bo i l ing  over a r a t h e r  broad range of pressures  and hea t  flows ( r igh t  up t o  
t h e  c r i t i c a l  l eve l s )  i s  a l s o  cha rac t e r i s t i c .  The dependence of  t h e  c r i t i c a l  
hea t  flow on pressure  with metals with the  same corrected pressures  (within 
t h e  pressure range inves t iga ted)  i s  s i g n i f i c a n t l y  weaker than  f o r  non-metallic 
l i qu ids ,  e t c .  

Metals may i n t e r a c t  ac t ive ly  with t h e  heat  l i b e r a t i n g  sur face ,  t h e  s t a t e  
of which, as  w e  know, determines t o  a s ign i f i can t  extent  t h e  heat  exchange 
during bo i l ing .  In p a r t i c u l a r ,  depending on t h e  mater ia l  and temperature, 
t h e  wall i t s e l f  may reduce oxides i n  t h e  metal o r  t h e  metal may reduce 
oxides on t h e  wall .  Depending on t h i s ,  t h e  w e t t a b i l i t y  of  t h e  heat ing wall ,  
which is  important i n  hea t  exchange during bo i l ing ,  may change. Corrosion 
a l s o  depends on t h e  wall  mater ia l ,  temperature l eve l  and content of 
impuri t ies  i n  t h e  metal being boi led  [46]. 
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A t  t h e  present  time, r e l i a b l e  da t a  on hea t  exchange during bo i l ing  of  
metals can be  produced only experimentally.  However, experiments with 
bo i l ing  metals and p a r t i c u l a r l y  with a l k a l i  metals ,  a r e  more d i f f i c u l t  and 
cumbersome than s imi l a r  experiments with ordinary l i qu ids .  The d i f f i c u l t y  
of experimental inves t iga t ion  o f  hea t  exchange during bo i l ing  of  metals i s  
r e l a t e d  pr imar i ly  t o  t h e i r  high bo i l ing  poin ts .  A t  these  high temperatures,  
construct ion mater ia l s  have l imi ted  s t rength  and frequent ly  l imi ted  resist­
ance t o  t h e  l i qu id  metals.  Measurement of temperatures and p a r t i c u l a r l y  t h e  
temperature of t h e  heat ing wall i s  d i f f i c u l t ,  s ince  t h e  se rv ice  l i v e s  of  
thermocouples a r e  l imited.  Furthermore, t h e i r  cha rac t e r i s t i c s  may change, 
and high temperature in su la t ion  is required.  The danger t o  experimenters 
i n  case of an accident i s  increased.  

The good e l e c t r i c a l  conductivity of  metals c rea tes  d i f f i c u l t i e s ,  and 
i n  many cases  makes it impossible t o  perform d i r e c t  heat ing of working 
sec to r s  by passage of e l e c t r i c a l  cur ren t ,  which i s  o rd ina r i ly  used i n  
experiments with water and organic l i qu ids  and makes it poss ib le  t o  produce 
high hea t  flows, which a re  required f o r  s tud ie s  of  hea t  exchange during 
bo i l ing .  

Also,  operat ion with bo i l ing  metals requi res  high temperature hea ters  
and spec ia l  equipment ( f i t t i n g s  , e tc  .) which a r e  not always r e l i a b l e  i n  
operat ion.  

This book presents  an ana lys i s  of methods of experimental inves t iga t ion  
and experimental techniques as  appl icable  t o  s tud ie s  of  hea t  exchange i n  t h e  
bo i l ing  of metals under condi t ions of f r e e  convection. 

The r e s u l t s  a r e  presented from experimental works on hea t  t r a n s f e r  
and c r i t i c a l  hea t  flows during t h e  bo i l ing  of  metals under condi t ions of 
f r e e  condi t ion,  performed by Soviet  and foreign inves t iga to r s ,  and an 
ana lys i s  of these  works. Work on inves t iga t ion  of hea t  exchange during 
bo i l ing  of metals ,  whose r e s u l t s  a r e  published i n  t h i s  book, was begun by 
t h e  authors a t  t h e  Physics and Energy I n s t i t u t e  i n  1957. 

The d a t a  on hea t  exchange during bo i l ing  under f r e e  convection con­
d i t i o n s  a r e  of independent i n t e r e s t  and w i l l  provide a b e t t e r  understanding 
of a number of r e g u l a r i t i e s  of bo i l i ng  under condi t ions of  forced c i r cu la t ion .  
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NATURAL CONVECTION HEAT TRANSFER IN BOILING OF METALS 


V. 	 N. Subbotin, D. N. Sorokin, D. M. Ovechkin and 
A. P. Kudryavtsev 

ABSTRACT. This book presents original data produced by 

the authors at the Physics and Energy Institute, plus

analyses of publications on heat transfer and critical 

heat flow dur.ing the boiling of alkali metals and mercury 

under conditions of free convection. For a better under­

standing of the mechanism of boiling in general, a 

comparison is performed of the processes of boiling of 

metals and non-metallic liquids. In their investigation 

of heat transfer in the boiling of metals, the authors 
used electronic heating, making it possible to produce 

practically unlimited specific heat flows; x-ray. 

irradiation (for visual observation of the boiling pro­

cess) ;.microthermocouples (for measurement of the 
temperature of the heat 1 iberating wall, fluid and vapor)

and high-speed secondary devices (for investigation of 

changes in temperature with time). 

CHAPTER 1 


METHODS OF INVESTIGATION OF HEAT EXCHANGE DURING BOILING OF 
METALS AND EXPERIMENTAL APPARATUS 

Methods of Heating the Test Section 


In experiments on heat exchange during boiling, one must be able to pro­

duce high heat flows (on'the order of lo6 kcal/m2hr) both for the investi­

gation of critical heat flows and for the investigation of the dependence

of heat transfer on heat flow. 


For  conditions involving large volumes, heating by direct passage of 
current through the working sector, widely used in experiments with water 
and organic liquids, is not usable due to the electrical conductivity of the 
metal heat transfer media. Investigations of heat exchange during boiling 
of metals can use the following methods of heating the working sector: 

*Numbers in the margin indicate pagination in the foreign text. 



r ad ia t ion  heating, t h e  heat  exchanger mernod ( i n  p a r t i c u l a r  i f  t h e  sa tu ra t ed  
vapor i s  used as a heat ing medium), heat ing by passage o f  current  through 
an insulated conductor, t h e  thermal wedge, e l e c t r o n i c  heating and t h e  hea t  
pipe.  Let us analyze these  methods o f  heating.. 

Rad i a t  ion' Heat I nq 

The quan t i ty  of heat t ransmit ted by r a d i a t i o n  from one p l a t e  at  
temperature T1 t o  another p a r a l l e l  p l a t e  a t  temperature T2 ( the dimensions 

of t h e  p l a t e  being r a t h e r  g rea t  i n  comparison t o  t h e  d i s t ance  between them) 
can be evaluated using t h e  formula 

where E
C 

is t h e  derived black body emittance.  

If t h e  most r e f r a c t o r y  metal ava i l ab le  - tungsten ( the melting point of /14-
tungsten according t o  d a t a  from [47] i s  3,410 f 2OoC) is used as t h e  hea te r ,  
f o r  which t h e  emittance does not exceed approximate1.y 0.3, and i f  
t h e  mater ia l  of t h e  surface t o  be heated is se l ec t ed  with high blackness 
f a c t o r  (about 0.8),  t h e  value w i l l  be approxiamately 0.20-0.25. For t h i s  

type of r ad ia t ion  hea te r ,  at  a temperature of 2,50OoC heat flows of approxi­
mately (600-800) lo3  kcal/m2-hr can be achieved, o r  a t  3,0OO0C - approxi­
mately (1.1-1.4) l o 6  kcal/m2*hr. A t  high temperatures, t h e  s t r eng th  of 
t h e  hea te r  is s i g n i f i c a n t l y  reduced and t h e  ra te  of evaporation is increased 
[47]. For exam l e ,  f o r  tungsten t h e  ra te  of evaporation changes from ­
1.1 g/cm ss e c  t o  1.5 10-5,g/cm2 sec as t h e  temperature changes from 

/I5 

2,,800 t o  3,300'K [48]. In ac tua l  designs with t h e  hea te r  temperatures 
mentioned above, t h e  hea t  flows w i l l  be less both due t,o t h e  i r r a a a t i o n  
f a c t o r  and due t o  t h e  derived black body emittance. 

Figure 1 shows a r a d i a t i o n  hea te r  used.by Marto and Rohsenow [19] i n  
experiments on heat t r a n s f e r  during bo i l ing  of sodium. I t  i s  made of t h r e e  
sec t ions ,  consis t ing of corrugated s t r i p s  (101.6 mm long) of an a l l o y  of 
tantalum and tungsten (10%tungsten) with a melting point  of approximately 
2,930'C. The width of each corrugated s t r i p  was 25.4 mm. Each hea te r  
s ec t ion  is  made of a sheet  2.54 mm t h i c k  and 76.2 mm wide. The angle of 
i n c l i n a t i o n  of t h e  corrugation t o  t h e  plane i n  which t h e  hea te r  l i e s  is 
30". The corrugated surface was used i n  order t o  increase t h e  s p e c i f i c  
power of t h e  hea te r .  The operating temperature of t h e  hea te r  reached 
approximately 2,200'C. Their experiments produced heat  flows up t o  
640 l o 3  kcal/m2*hr with a sodium temperature of up t o  815'C. 

With s e r i e s  connection of t h e  sec t ions ,  t h e  hea te r  w a s  supplied with 
power by a current  source with adjustable  vol tage (up t o  15 V) with current 
up t o  1,000 A. 
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Heating by Heat Exchanger 
Method 

With t h i s  method of heat ing,  
a loop must be used with a heat  
t r a n s f e r  medium whose temperature 
is higher than t h e  temperature of 
t h e  heat  t r a n s f e r  medium being 
s tudied.  For example, i f  s t a i n l e s s  
steel  2 mm th i ck  is  used as t h e  
separat ing wall (it is  d i f f i c u l t  
t o  place thermocouples f o r  
measurement of high temperatures
i n  thinner  walls)  and i f  w e  con­
s i d e r  t h a t  t h e  heat  t r a n s f e r  
c o e f f i c i e n t s  of both heat  t r a n s f e r  
media are l o 4  kcal/m2*hroC, i n  
order  t o  produce a heat flow of
l o 6  kcal/m2*hr, t h e  temperature 
d i f f e rence  between heat  t r a n s f e r  
media must be approximately 300°C. 
For  a l k a l i  metals, which have high 
b o i l i n g  po in t s ,  t h e  usage of t h i s  
heat ing method f o r  large volumes 
is d i f f i c u l t ,  s ince  it requ i r e s  
t h e  creat ion of a r e l i a b l y  
operating high temperature (up t o

Figure 1 .  Radiation Heater Used By Marto l,OOO°C and higher) l i qu id  metal
and Rohsenow [191. loop, which is  a d i f f i c u l t  t a s k

1 ,  9 ,  Heat screens; 2 ,  Molybdenum current  i n  i t s e l f .  When heating is  per-
conductor; 3 ,  Heating element (tantalum formed by t h e  heat exchanger+ 	10% t u n g s t e n ) ;  4 ,  Working sec to r ;  5 ,  method, it must be kept i n  mind
Boiling tank; 6 ,  Tube  f o r  thermocouples; t h a t  t h e  heat  flow of heat ing7 ,  Vapor condenser; 8 ,  Tube f o r  con- surface w i l l  not be even due t o
nection t o  vacuum system; 10, Vacuum changes i n  t h e  temperature head
chamber; 1 1 ,  Teflon in su la to r s ;  12, Water r e s u l t i n g  from cooling of t h e
cooled conductors. heat t r a n s f e r  medium. In order t o  

decrease t h e  unevenness of t h e  heat 
flow, high flow rates of t h e  hea t  t r a n s f e r  medium shauld be used. 

I t  is convenient t o  use sa tu ra t ed  metal vapors as  a heating medium. 
When t h i s  is done, first of a l l  it i s  poss ib l e  t o  achieve good evenness of 
t h e  heat flow, and secondly, s i n c e  we know t h e  quant i ty  of vapor condensed / 16-
and i t s  temperature, w e  can determine t h e  heat  flow over t h e  working s e c t o r  
and t h e  heat  t r a n s f e r  c o e f f i c i e n t  of t h e  hea t  t r a n s f e r  medium being i n v e s t i ­
gated with good accuracy, s ince  t h e  heat  t r a n s f e r  coe f f i c i en t s  involved i n  
t h e  condensation of pure metal vapors at  high temperatures are great  [49, SO].
In t h i s  case,  t h e  heat flows ca l cu la t ed  using t h e  formula 

rG + GC,At, - Q y  
Q =  F 
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The temperature head between t h e  heat ing surface and t h e  heat  transfer 
medium being invest igated,  i n  add i t ion  t o  measurements of t h e  wall tempera­
t u r e ,  can be determined from t h e  formula 

Ata - tv - A t v  - A t w  - tZ (I  .3) 

In formulas (1.2) and (1.3) G is t h e  flow rate  of t h e  heat ing vapor, 
kg/hr; A t k  is t h e  super cooling of t h e  condensate, O C  (which may be small, 
and A t k  w i l l  approach 0); Qv is  t h e  hea t  l o s s  i n  t h e  working s e c t o r ,  kcal/hr,  

estimated f o r  each concrete design; F i s  t h e  area of t h e  working surface 
of t h e  s e c t o r ,  m2; A t

V 
is t h e  temperature head between t h e  wall and t h e  

condensing vapor, O C  . 
The value of A t v  is determined from t h e  formula 

A t v  = & . 
V 

With f i l m  condensation, which is c h a r a c t e r i s t i c  f o r  a l k a l i  metal vapors, 
t h e  i n t e n s i t y  of heat  exchange is determined by diffusion r e s i s t a n c e  i n  the 
vapor, r e s i s t ance  t o  t h e  phase t r a n s i t i o n  and t h e  thermal r e s i s t ance  of t h e  
condensate f i l m .  For pure ma te r i a l s ,  t h e  d i f fus ion  r e s i s t a n c e  is  zero, and 
the  heat t r a n s f e r  coe f f i c i en t  f o r  t h e  phase t r a n s i t i o n  can be calculated 
using t h e  formula [ r4P2M3 ]1'2S 

The heat t r a n s f e r  coe f f i c i en t  r e s u l t i n g  from thermal r e s i s t ance  of t h e  
condensate f i l m  can be ca l cu la t ed ,  f o r  example, f o r  .a v e r t i c a l  wall with 
q = const using t h e  Nusselt formula 

where x is t h e  d i s t ance  from t h e  upper edge of t h e  w a l l .  

The e f f ec t ive  hea t  t r a n s f e r ,coeff ic ient  is defined as 

a = "Phax 
v a +a" (I  ;7) 

Ph x 
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When a l k a l i  metal vapors condense a t  pressures of some t en ths  of an 
atmosphere, t h e  values of heat  t r a n s f e r  coe f f i c i en t s  amoun: t o  hundreds of 

/ 17thousands of kcal/m2-hroC. However, it should be p a r t i c u l a r l y  emphasized -
t h a t  high values of aV can be produced only with careful  removal of non­
condensing gases from t h e  vapor space [49, SO]. 

Figure 2.  Heater W i t h  Insulated Conductor Used by Noyes [18]. 
1 ,  Spring d i s c ;  2 ,  Boiling tank wa l l ;  3 ,  Boron n i t r i d e  b u s h i n g ;
4, Heating element (graphi te  rod); 5 ,  Heater c o l l a r ;  6 ,  Molybdenum 
electrode;  7 ,  Nickel sealing ring; 8,  Stopping r ing;  9, Copper 
p l a t e ;  10, Bolt; 1 1 ,  Spring; 1 2 , ' l n s u l a t o r s ;  13, Melt; 1 4 ,  Wall 

o f  bath. 

Heating by Passing a Current Through I n  
-. 

As p r a c t i c e  has shown, ordinary insulated r e s i s t ance  hea te r s  ( s p i r a l s  
contained i n  porcelain tubes,  wire hea te r s  i n  beads, s t r i p  o r  band hea te r s  
wound on mica) do not allow heat flows g rea t e r  than about (100-200)*103 
kcal/m2hr t o  be achieved even a t  low (down t o  100°C) temperatures of t h e  
heat  t r a n s f e r  medium. 

The deve1opmen.f of spec ia l  hea t e r s  is  required t o  produce high hea t  
flows with high temperatures of t h e  heat t r a n s f e r  medium. 

Noyes [18], i n  h i s  experiments on heat exchange during bo i l ing  of 
sodium, used a hea te r  s p e c i a l l y  developed f o r  t h i s  purpose. I t  i s  shown on 
Figure 2.  The hea te r  cons i s t s  of an i n t e r n a l  heat ing element made of 
graphi te ,  a l aye r  of e l e c t r i c a l  i n su la t ion  consis t ing of a boron n i t r i d e  
bushing and a metal tube,  with bo i l ing  occurring on t h e  external  su r f ace  of 
t h e  tube. The electrical  current  i s  applied t o  t h e  g raph i t e  hea te r  by a ­118 
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molybdenum electrode,  t i g h t l y  pressed against  t h e  g raph i t e  hea te r  with a 
spr ing.  Good thermal contact between t h e  surfaces  of t h e  i n s u l a t o r ,  h e a t e r  
and external  tube is provided by t i g h t  mechanical s ea t ing .  

The length of t h e  h e a t e r  was 76 mm, t h e  external  diameter 9 .5  mm. The 
hea te r  was supplied with electric power by a power supply with ad jus t ab le  
vol tage (up t o  32 V) with a current  of up t o  1,200 A. This h e a t e r ,  i n  
experiments with sodium (with sodium temperatures up t o  about 850°C) 
achieved heat  f l uxes  up t o  2 . 5 0 1 0 ~kcal/m2hr. 

In [39], using a similar hea te r ,  cr i t ical  heat flows were invest igated 
during t h e  bo i l ing  of potassium under conditions of f r e e  convection a t  
pressures  up t o  1.5 atm.abs. Heat flows UP t o  1 . 8 0 1 0 ~kcal/m2*hr were pro­
duced with potassium temperatures up t o  800°C. 

One type of h e a t e r  with an insulated conductor is t h e  hea te r  shown on 
Figure 3 .  Its  d i f f e rence  from t h e  hea te r  shown on Figure 2 is t h a t ,  first 
of a l l ,  t h e  clearance between heat ing element and external  tube is  f i l l e d  
with metal, t hus  assuring good thermal contact;  secondly, t h e  in su la t ing  
l aye r  can be r a t h e r  t h i n  (a few t en ths  of a micron, applied by spu t t e r ing )  
t hus  providing low heat  r e s i s t ance ;  t h i r d ,  t h e  clearance can contain thermo­
couples (with o r  without covers) which, i f  t h e  metal used f o r  f i l l i n g  has 
good heat conductivity provides minimal e r r o r  i n  determining t h e  wall t e m ­
pe ra tu re .  

The mater ia l  used f o r  t h e  heat ing elements can b e  such r e f r a c t o r y  metals 
as molybdenum, niobium, tantalum, tungsten,  while t h e  i n s u l a t o r s  can b e  made 
of t h e  oxides of aluminum and zirconium, which have r e l a t i v e l y  high heat 
conductivity and high operating temperatures. If an i n s u l a t i n g  l aye r  of 
these mater ia ls  i s  applied using a plasmatron, good s t r e n g t h  and s a t i s f a c t o r y  
dens i ty  of t h e  covering w i l l  b e  achieved. The space between heat ing element 
and external  tube should be f i l l e d  using metals with high heat  conductivity 
such as s i l v e r  o r  copper. 

One such hea te r  was developed by the  authors.  Its external  s h e l l  con­
s i s t e d  of a tube 2.5 x 0.2mm, t h e  heating element was a niobium c a p i l l a r y  
0.8 x 0.15 mm, covered with Alundum. The space between t h e  heat ing element 
and t h e  external  tube was f i l l e d  with copper by zone melting. This hea te r  
was used t o  achieve hea t  flows of up t o  1.5-106 kcal/m2*hr. 

Figure 4 shows a diagram o f  an i n s t a l l a t i o n  created f o r  f i l l i n g  of t h e  
hea te r  with copper. The r i n g  shaped gap between t h e  in su la t ed  hea te r  and 
t h e  external  tube is  f i l l e d  with copper. A f i n e  molybdenum wire passes 
through s l o t s  (or gaps) i n  t h e  copper. A t  t h e  bottom, t h e  wire is connected 
t o  a molybdenum r ing .  The s e c t o r  t o  be f i l l e d  with copper is suspended on 
a wire i n  a furnace s o  t h a t  melting of t h e  copper begins a t  the bottom. The 
furnace is a tube which is evacuated by a vacuum pump. The outs ide of t h e  
tube is heated by a s i l i t  r e s i s t a n c e  furnace. 
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Figure 3. 
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Heater With Insulated Conductor F i  1 led With Copper (a, Overall View 
Sector; b ,  Heating Element). 1 ,  Cone; 2 ,  Supporting disc; 3,  Molybdenum 
ement; 4, Copper; 5 ,  Cover o f  IKh18NgT stee l  (tube 6 x 0.5 m); 
cal  insulat ion (aluminum oxide);  7, Cap. 
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Figure  4, Diagram o f  I n s t a l l a t i o n  f o r  
F i l l i n g  o f  Heater W i t h  Copper By Zone 

Me1t i ng . 
1 ,  Body; 2 ,  Ring;  3 ,  Elec t r i ca l  fur­
nace; 4 ,  Wnmelted copper; 5 ,  lKh18NgT
steel t u b e ;  6 ,  Pole wires; 7 ,  Heating 
element; 8, Elec t r i ca l  insulat ion 
(Alundum); 9, Gulde;  10, Cooling 
cliamber; 1 1 ,  So l id i f i ed  copper. 

A r i n g  is welded t o  t h e  tube 
f o r  l o c a l  heat ing and melting of t h e  
copper. Local heating assures  b r i e f  
contact t i m e  between t h e  l i qu id  
copper and t h e  envelope. A t  t h e  top 
and bottom of t h e  r i n g  a r e  j acke t s  
cooled with a i r .  The a i r  i s  supplied 
by a compressor. A s  t h e  copper melts, 
t h e  assembly drops under i t s  own , 

weight and t h e  weight of t h e  addi­
t i o n a l  load, thereby providing 
d i r ec t ed  c r y s t a l l i z a t i o n .  The prog­
-ress of the'melting can be judged 
from t h e  descent of t h e  load through 
a g l a s s  tube placed i n  t h e  cold zone. 

The f i l l i n g  of t h e  gap can be 
performed by o the r  methods, f o r  . 

example under pressure.  However i n  
a l l  cases ,  d i r ec t ed  c r y s t a l l i z a t i o n  
must be achieved i n  order t o  avoid 
shrinkage cracks and r e l a t i v e l y  ' 

shor t  (preferably not over 1 minute) 
contact time of t h e  envelope of t h e  
hea te r ,  i f  it is  made of such 
materials as s t a i n l e s s  s teel ,  i ron ,  
n i cke l ,  etc. with t h e  l i qu id  copper, 
s i n c e  l i qu id  copper dissolves  these  
metals in t ens ive ly  . 

The heat flow i n  hea te r s  with 
insulated conductor and f i l l e d  gap w i l l  be  l imited e i t h e r  by melting of t h e  
f i l l i n g  metal or by melting of t h e  heat ing element, or by t h e  maximum 
possible  operating temperature of t h e  in su la t ion .  

The maximum heat flow %m f o r  t h i s  type of hea te r  can be determined ­/ 2 1  

from t h e  formulas 
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where t:, t" are t h e  melting temperatures of t h e  f i l l i n g  metal and hea te rm 
respect ively,  "C; t

Per 
is t h e  permissible operating temperature of t h e  

in su la t ion ,  "C; dl, d2 are t h e  external  and i n t e r n a l  diameters of t h e  ou te r  
tube of t h e  hea te r  respect ively,  m; d3, d4 are t h e  external and in t e rna l  

(equal t o  t h e  diameter of t h e  hea te r )  diameters of t h e  insu.lating l aye r  
respect ively,  m; A1,A2,  Ag, X4 are t h e  heat conductivity of t h e  external  tube,  
f i l l e r ,  in su la t ion  and hea te r  respect ively,  kcal/m-hr O C .  

The m a x i m u m  permissible heat  flow w i l l  be  t h e  l e a s t  of those calculated 
using formulas (1.8) - (1.10). 

Let us estimate as an example t h e  value of s,ax for a hea te r  with an 
external  diameter dl = 10 mm, t h e  external  s h e l l  of which is 0.5 mm t h i c k  
(d2 = 9 mm) made of s t a i n l e s s  steel  (A 1 approximately 20 kcal/m*hr "C). 

The clearance between the  heating element and t h e  s h e l l  is 1.5 mm 
IdJ = 6 mm),  f i l l e d  with copper (A2 approximately 270 kcal/m*hr"C a t  a 
temperature near t h e  melting po in t ) ,  and t h e  heating element (d4 = 5.7 mm) 
is made of molybdenum ( A 4  approximately 60 kcal/m=hr"C), covered with a 
dense layer  of Alundum ( A 3  approximately 4 .5  kcal/m*hr"C) 0.15 mm th i ck .  The 

melting po in t s  of copper and molybdenum are 1,080 and 2,600°C respect ively 
(511 ; t he  permissible operating temperature of Alundum products is 1,7OO0C 
[SI]. The value of q,,, calculated from formulas (1.8) - (1.10) with these  

values of t h e  q u a n t i t i e s  and with hea t  t r a n s f e r  coe f f i c i en t  u = SO*103 
kcal/m2*hroC f o r  a l i qu id  temperature of 800 and 900°C ar,e presented below: 

t p " C  q;,, kcal/m2 *hr  qmax ,kcal/m2-hr qmU, kcal/m2 *hr 

800 5.2-l o 6  8 .0*106 11.6-106 
900 3.3=106 7 . 1 0 1 0 ~  11.0*106 

Consequently, f o r  t h i s  example, t h e  maximum heat flow w i l l  be l imited 
by t h e  melting of t h e  copper i n t e r l a y e r .  

Thermal Wedge 

The essence of t h i s  method is  t h a t  t he  heat  i s  transmitted d i r e c t l y
from t h e  hea te r  t o  a surface,  whose area is g r e a t e r  than t h e  working surface.  
The heat is transmitted t o  t h e  working surface by heat conductivity.  The 
heat flow on t h e  working surface w i l l  be  approximately equal t o  

I2 


q = qheat 	
heat 

' (1.11) 
work 
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where qhea t  i s  t h e  heat  flow on t h e  heated surface; Fheat i s  t h e  area of 
t h e  heated surface; Fwork i s  t h e  area of t he  working surface. 

Figure 5 shows schematically a hea te r  based on t h e  thermal wedge method. 
Heating of t he  body of t he  working sec to r  is by r a d i a t i o n  from hea te r s  
located within and without. 

The works of Bonilla [ lo ,  20, 221 made 
use of a h e a t e r  as shown on Figure 6. In  
t h i s  hea t e r ,  v e r t i c a l  r i b s  were welded 
or soldered t o  t h e  body of t h e  working 
sec to r .  Wire r e s i s t a n c e  hea te r s  were 
wound around t h e  r ibs (over mica). Using 
a hea te r  of t h i s  design i n  experiments 
with mercury, hea t  flows of up t o  about 
5.5 lo5  kcal/m2 -hr  were achieved (with 
mercury temperatures of up t o  56OOC); and 
i n  experiments with potassium, heat flows 
of up t o  0 . 3 0 1 0 ~kcal/m2-hr were produced 
(with potassium temperature 83OOC).

c 


I -<-- - .  The heat  flow on t h e  heating surface 
.~ . ~ of t h e  working s e c t o r s  shown on F i m r e s  5 

and 6 can be determined by measuriig t h e
F i g u r e  5. Heater Operating difference i n  temperature A t  through t h e
According t o  P r i n c i p l e  o f  height of t h e  s e c t o rThermal Wedqe.-
1 ,  5, Screen; 2 ,  4 ,  Internal and lw
external heaters ;  3 ,  Heat t rans- q = A t - ,  (1.12) 
mitt ing wall. bW 

where 6 is t h e  d i s t ance  between t h e
W 

centers  of t h e  thermocouple junction; Xw is t h e  heat  conductivity of t h e  

material i n  t h e  working s e c t o r .  For more p rec i se  determination of q, it is 
bes t  t o  have several  thermocouples i n  each cross sect ion,  s i n c e  i n  t h i s  
case e r r o r s  i n  determining t h e  dis tance between junct ions of thermo couples 
are averted. 

For each individual  design, one should a l s o  estimate t h e  r a d i a l  leakage 
of heat and t h e  r e l a t e d  d i s t r i b u t i o n  of heat f low over t h e  working surface.  

Electronic Heating 

Electronic heating f o r  invest igat ions of hea t  exchange i n  bo i l ing  water 
was first used by P. I .  Povanin  and I. G. Kulakov [52]. The usage of t he  
e l ec t ron ic  method of heating f o r  invest igat ion o f  heat  exchange i n  bo i l ing  
of metals is q u i t e  promising, although as y e t  t h i s  method has not been 
widely used i n  p rac t i ce .  Therefore, l e t  us analyze it i n  g rea t e r  d e t a i l .  

10 
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Electronic  heating is  performed by 
bombarding t h e  heating wall with e l ec t rons  
emitted by a cathode and accelerated under 
t h e  influence of an anode voltage.  When 
t h e  e l ec t rons  c o l l i d e  with t h e  anode, t h e  
k i n e t i c  energy of t h e  e l ec t rons  i s  con­
verted t o  thermal energy, t hus  c rea t ing  
a heat flow on the  surface,  s ince  with an 
anode vol tage of even 10 kv decelerat ion 
of t h e  e l ec t rons  occurs i n  a t h i n  (on t h e  
order  of one micron) surface layer .  

For one electron,  t h e  k i n e t i c  energy 
is 

( I  .13) 

where me is t h e  mass of an electron;  W ise 
t h e  ve loc i ty  of t he  e l ec t ron  a t  t h e  moment 
of c o l l i s i o n  with t h e  anode; Ua is t h e  

Figure 6 .  Heater Operating p o t e n t i a l  difference between t h e  cathode 

Accord i ng to  Thermal Wedge and anode (anode vol tage) .  

Principle  Used by Bonilla [ l o ,  The power l i be ra t ed  a t  t h e  anode Qa
201. 1 ,  Vacuum chamber; 2 ,  

Molybdenum p la t e s ;  3 ,  Mica is  calculated using the  anode current Ia 

insulator ;  4 ,  Heater; 5,  Work- and t h e  anode voltage Ua, s i nce 
ing sec to r ;  6 ,  Working tank. 


Va=r,---- mew: -Ua x e 8  = UJa. (I. 14)2 

This formula does not consider energy losses  due t o  X-ray radiat ion and 
secondary electrons.  The e r r o r  i n  determination of t h e  anode power due t o  
these f a u l t s  with vol tages  o rd ina r i ly  used (up t o  about 10 kv) w i l l  be l e s s  
than 1%. 

The usage of vol tages  over 10 kv is  not desirable .  F i r s t  of a l l ,  with 
high voltages i n  order  t o  avoid gas discharge (breakdown) i n  t h e  e l ec t ron  
hea te r ,  a deeper vacuum is required; secondly, spec ia l  biological  protect ion /24
from X-rays may be required.  

In addi t ion t o  e l ec t ron  bombardment, t h e  heat ing w a l l  w i l l  be  heated by 
r ad ia t ion  from t h e  cathode. The thermal flow due t o  r ad ia t ion  from t h e  
cathode depends on t h e  design of t h e  i n s t a l l a t i o n .  However, with high thermal 
flows (about l o 6  kcal/m2-hr) i n  a l l  cases t h e  p r inc ipa l  contr ibut ion w i l l  
be t h a t  of t h e  anode component. 

11 



With e l ec t ron  heating, .the energy is transmitted t o  t h e  heating wall 
without contact and a t  a high p o t e n t i a l  (up t o  several  k i l o v o l t s )  making it 
possible  t o  apply s i g n i f i c a n t  energy l eve l s  t o  a r e l a t i v e l y  small surface 
area and thereby produce high hea t  flows. For example, i n  powerful gener­
a t o r  tubes,  t h e  hea t  f l uxes  reach 8 6 0 1 0 ~kcal/m2*hr [53]. With electron 
heating t h e  surface of t h e  heat ing wall turned toward t h e  cathode is  not , 

oxidized or corroded even a t  high temperatures, s ince  it is under a vacuum 
on t h e  order  of mm Hg. 

Standard equipment can be used t o  make t h e  high vol tage and high vacuum 
apparatus required when t h i s  method is  used. 

One of t h e  p r inc ipa l  elements of any e l ec t ron  tube i s  t h e  cathode. A t  
t h e  present time, pure metal, f i l m  and semiconductor cathodes are used. 
According t o  t h e  type of heat ing,  d i r e c t l y  and i n d i r e c t l y  heated cathodes 
are dis t inguished.  In an e l ec t ron ic  hea te r  f o r  i nves t iga t ion  of heat ex­
change, t h e  cathode operates under mork d i f f i c u l t  conditions than t h e  con­
d i t i o n s  of operation of a cathode i n  an e l ec t ron  tube.  In t h e  hea te r ,  t he  
cathode must r ap id ly  recover its emission p rope r t i e s  af ter  ion bombardment 
and contact with a i r ,  must operate  under r e l a t i v e l y  low vacuum conditions 
(about mm Hg) and must have high s p e c i f i c  emission. Heaters designed 
f o r  operation with b o i l i n g  a l k a l i  metals r equ i r e  t h a t  t h e  operating tem­
perature  of t h e  cathode be above the  surface temperature of t h e  heating wall 
turned toward t h e  cathode, which may exceed 1,300-1,500"C. These conditions 
are bes t  s a t i s f i e d  by a tungsten cathode [48]. 

The e l ec t ron ic  emission is described by t h e  Richardson-Dushman equation 

(I .15) 

where j is t h e  s a t u r a t i o n  cu r ren t ,  A/cm2; A.
3 

is  t h e  emission constant,  
A/cm2deg2; + is t h e  work function of t h e  electron.  

The dependence of s p e c i f i c  emission j of tungsten on temperature, 
according t o  d a t a  presented i n  [48], is constructed on Figure 7 .  We can see 
t h a t  up t o  2,300°K, it is near zero. Then, it grows r a p i d l y  as temperature ­/25
increases.  In e l ec t ron  tubes,  t h e  operating temperatures of tungsten cathodes 
l i e  between 2,450 and 2,650"K [48]. 

Electron tubes can operate  i n  two modes: t h e  s a t u r a t i o n  mode and the  
space charge mode. The s a t u r a t i o n  mode occurs when t h e  anode current.  i s  
l imited by t h e  emission capab i l i t y  of t h e  cathode. When t h e  emission 
capab i l i t y  of t h e  cathode exceeds t h e  anode current ,  t h e  reason f o r  l imi t a t ion  
o f - t h e  anode current is t h e  space charge between t h e  cathode and the  anode. 
In t h e  space charge mode, t h e  dependence f o r  anode current  Ia is  as follows 

[48] : 

1 2  



( I  .16) 

where Fa i s  t h e  a rea  of t h e  surface of t h e  anode subjected t o  e lectron bom­
bardment, m2; hk i s  t h e  dis tance between cathode and anode, m;  K is  a f a c t o r  

dependent on t h e  geometry and mutual placement of t h e  cathode and anode 
(K G 1 ) ;  Ua is t h e  anode voltage,  v. For a f l a t  system of e lectrodes,  when 
t h e  a rea  of t h e  cathode surface i s  equal t o  t h e  area of t h e  anode surface,  
K = 1. The s p e c i f i c  hea t  flow produced due t o  e lectron bombardment i s  cal­
culated using t h e  formula 

Iauaqa = 0.86- F * ( I .  17) 

Therefore, i n  t h e  space charge mode qa Ua 5 /?  . 
I ;  a/cM2 

: I l  .I/!
0 - I 

s % 3 w2 00 2 T,'K 

Figure 7. Dependence o f  Specif ic  
Emission of Tungsten on Tem­
pera ture .  

Figures 8 and 9 r e f l e c t  t h e  qua l i ­
t a t i v e  nature  of t he  dependence of 
anode current and thermal load during 
operation of a tube i n  t h e  space charge 
and sa tu ra t ion  modes (branches T1; T2; 

T3). The dependences shown on Figures 
8 and 9 can be conveniently used i n  
analyzing methods of regulat ion of tube 
powers. For each concrete case,  these 
can be calculated.  The heat l i b e r a t i o n  
a t  t h e  surface subjected t o  e lectron 
bombardment may be uneven. The uneven­
ness may r e s u l t  from the  design of t h e  
i n s t a l l a t i o n  (geometry of cathode, anode 
and t h e i r  mutual placement). When 
operating i n  the  sa tu ra t ion  mode, t h e  
unevenness of heat l i b e r a t i o n  a r i s e s  due 

t o  uneven d i s t r i b u t i o n  of temperature over t h e  cathode and differences i n  t h e  
work functions of e l ec t rons ,  r e l a t e d  f o r  example t o  nonhomogeneity of t h e  
mater ia l  of t h e  cathode. In the  space charge mode, unevenness of heat l i b e r ­
a t ion  a r i s e s  due t o  differences i n  t h e  dis tances  from t h e  anode (hk) t o  
individual s e c t o r s  of t h e  cathode. The unevenness of heat l i b e r a t i o n  on t h e  
heat l i b e r a t i n g  surface w i l l  be  smoothed by heat  conductivity t o  some extent .  
Therefore, f o r  each concrete i n s t a l l a t i o n ,  an estimate should be made of 
t he  evenness of hea t  l i b e r a t i o n  on t h e  heating surface.  
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Figure 8. Qua?i t a t i v e  Dependence Figure 9. Qual i t a t  i v e  Dependence of 
of Anode Current on Anode Volta e Heat Flow on Anode Voltage for Space 
For Space Charge Mode ( l a  - U a 3  32 ,  Charge Mode (qa - U a 5 j 2 )  and 

and Saturation Mode (Wi th  Various Saturation Mode (T, < T2 < T 3 ) .  
Temperatures T, < T2 < T3 '  

Figure 10,  a and b shows a working s e c t o r  I with e l ec t ron  heating used by 
t h e  authors f o r  t h e  inves t iga t ion  of heat  exchange during bo i l ing  of metals 
[14, 15, 21, 3 6 ,  38, 541. Subsequently, t h i s  s ec to r  w i l l  be r e fe r r ed  t o  as 
t h e  tube,  s ince  it is a diode. The body o f  t h e  tube (anode) i s  grounded, 
and an adjustable  vol tage is fed  t o  t h e  cathode. 

A removable cup i s  fastened t o  the upper port ion of t he  body. The 
c e n t r a l  port ion of t h e  end of t h e  cup is  t h e  working area.  Subsequently, 
t h e  workine: area of  t h e  cup w i l l  be ca l l ed  t h e  p l a t e .  The i n t e r n a l  surface 
of t h e  p l a t e  is subjected t o  e l ec t ron  bombardment and r a d i a t i o n  heating 
from the  cathode. 

The cathode i s  made of tungsten wire 1 mm i n  diameter i n  the  form of an 
Archimedes s p i r a l  with a mean external  diameter of 38 mm and a dis tance 
between centers  of t u r n s  of 3 mm. The blades of t h e  cathode a r e  fastened 
t o  two molybdenum holders by a molybdenum wire 0 .3  mm i n  diameter, t i g h t l y  
wound over a length of 15 mm. This type of connection provides good 
e l e c t r i c a l  contact i n  a vacuum. The holders a r e  fastened i n  copper current 
conductors. The design of t h e  current conductors allows t h e  cathode t o  be 
centered and allows its pos i t i on  t o  be adjusted i n  height  as wel l .  In order 
t o  avoid sagging of t h e  cathode, it is supported from beneath by s i x  supports 
made of t h i n  (0.15 mm) sheet tantalum. In order  t o  provide f o r  focusing of ­/28
t h e  e lectrons moving from t h e  cathode t o  t h e  p l a t e o f  t h e  cup, t h e  cathode 
is  surrounded with a tantalum screen carrying t h e  same po ten t i a l  as t h e  
cathode. The i n t e r n a l  diameter of t h i s  screen is  39 mm. The cathode is  s e t  
a t  a distanc.e of 15-20 mm from t h e  p l a t e ,  and t h e  screen i s  10-15 mm higher 
than the plane of t he  cathode. 
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Figure 10. Electron Heater Developed by the Authors 
a, General view; b., Section of cathode and anode. 
1, 15, Water cooling.;2, Collecting tank; 3, Rubber Inserts;
4, tDevice for sealing pressure pickups; 5, Tube for connection 
to vacuum system; 6, Body; 7, CUP; 8, Molybdenum holder;
9, Porcelain insulator; 10, Tgntalum screen; 1 1 ,  Cathode; 
12, Working sector (plate); 13, Insulator made of 11K-15311;

14, Current conducting 1 eads . 
Input of power to the tube is performed through the current conductors, / 2 9-

which are hermetically sealed in an insulator made of "K-153" compound. The 

current conductors were filled with the compound during the process of,manu­

facture of the insulator. This insulator can operate without special cooling, 

since '.'K-153" compound withstands temperatures up to 15OoC. 
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Figure 1 1 .  Types of Heating 'Surfaces(Plates) Used by the Authors 
In Boil inn ExDeriments. 

a,.Onepiece turned; b, Copper-filled. Working surface covered 
with galvanic nickel or chrome; c, Unit wall, copper-filled; 
d ,  Copper-filled (with working surface side made o f  foil of 
various materials: stainless steel, molybdenum, tantalum, etc. 


The lower portion of the tube body is fastened to a removable tank f o r  
collection of metal in case the Plate fails during the process of operation.
At the points of vacuum seals subjected to heating, water cooling is provided. 

Various plates may be welded to the cup. The types o f  plates used by 
the authors in the experiments on heat exchange in the boiling of metals 
are shown on Figure 11. 
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For t h e  geometry of t h i s  tube (% and hk; see Figure 10, b) t h e  value 
of K i n  formula (1.16) is near 1 [48]. This means t h a t  heat l i b e r a t i o n  due 
t o  e l ec t ron  bombardment on t h e  su r face  of t h e  p l a t e  turned toward t h e  
cathode i n  t h e  space charge mode should be near ly  even. The s l i g h t  uneven­
ness of heat  l i b e r a t i o n ,  if any e x i s t s ,  w i l l  be smoothed out on the heat ex­
change surface by heat conductivity.  i L e t  us show t h i s  with an example. 

Let u s  assume, as an extreme case, t h a t  t h e  heat  flow on t h e  i n t e r n a l  
surface of t h e  -plate  i s  d i s t r i b u t e d  i n  a s p i r a l ,  t h e  dimensions of which are 
equal t o  t h e  dimensions of t h e  s p i r a l  of t h e  cathode. Let us  make t h e  
following assumptions. 

1. The p l a t e  is looked upon as an i n f i n i t e  p l a t e  and the  s p i r a l  d i s t r i ­
bution of heat  flow is replaced with a stepped d i s t r i b u t i o n .  The s t e p  of 
t h e  d i s t r i b u t i o n  (2%) is equal t o  t h e  s t e p  of t h e  s p i r a l  of t h e  cathode, 
t h e  width of t h e  s t e p  (bk) i s  equal t o  t h e  diameter of t h e  cathode wire 
(Figure 10, 12). 

2. The heat  conductivity of t he  p l a t e  and t h e  heat t r a n s f e r  coe f f i c i en t  
from p l a t e  t o  l i qu id  are considered constant.  

The process of heat  t r a n s f e r  i n  t h e  p l a t e  is described by t h e  equation 

(1.18) 

with t h e  following boundary conditions:  

( I .  19) 

(1.20) 

( I  .21) 

Solving equation (1.18) by separation of va r i ab le s ,  w e  produce an ex­
pression f o r  t h e  heat fiow on t h e  heating surface 
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The values  of coe f f i c i en t s  are 
found from t h e  equations 

,(I.24) 

and t h e  value of qb is  determined 

from t h e  formula 

( I  .25) 

Figure 12. Dependence of Unevenness of 
Heat Flow on Heat Transfer Surface of Figure 12  shows t h e  dependence 
P la t eon  Its Thickness With Various of t h e  r e l a t i v e  unevenness of heat 

Values of Heat Conductivity, Calcu- f l u x  on t h e  hea t ing  sur face  of t h e  
lated According t o  Formula ( I  . 2 2 ) .  p l a t e  on t h e  thickness  of t he  p l a t e

with var ious values of heat  con­
duc t iv i ty  f o r  a value of heat  t r a n s f e r  coe f f i c i en t  of l o 5  kcal/m2*hroC. For 
t h e  lowest values of heat  t r a n s f e r  coe f f i c i en t s ,  t h e  unevenness i s  l e a s t .  
can see  from Figure 12 t h a t  even i n  t h i s  hypotheti-cal case,  t h e  p l a t e s  used 

We /31 
(see Figure 11) would provide unevenness of heat  flow on t h e  heat ing sur face  
r e su l t i ng  from cathode geometry of l e s s  than 0.1%. 

F i g u r e  13. Dis t r ibu t ion  of Heat Flow On 
Heating Surface of Plate,  Working Portion 
of Which i s  Made of Copper (see Table 
1 . 1 ) :  6w = 1 mm; a = 40*103 kcal/m2hr"C; 

X
W l  

= 300 kcal/m*hr"C; X
W 2  

= 15 = 

kca 1/me hr" C . 

The'heat flow on t h e  sur face  
turned toward t h e  heat  t r a n s f e r  
medium w i l l  not be even, due t o  
r a d i a l  leakage of heat  .from t h e  
working por t ion  of t h e  'p la te .  
In t h i s  case,  t h e  process of heat 
t r a n s f e r  is described by t h e  
equation 

1 a t  a 2 t  =a 2 t  + - - + ­
rwarw a p  (1.26) 

with t h e  following boundary 
condi t ions : 

a t  %,I 
(ayIy=o = --9 (1.27) 

xW 
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(I.28) 


For plates filled with copper, we must add to boundary conditions (I.27),
(1.28) the additional "seam" condition where rw = Rw (see Figure 13) 

(I.29) 


x (C) =I[at_) (I .30)
w1 r =R -0 w2 arw r =R +Ow w  w w  

Equation (1.26) with conditions (1.27)-(1.30) and the assumption of the 
heat transfer coefficient and heat conductivity are constant, has been 
solved numerically by N. I. hleyev and V. A. Mosolova for various combi­
nations of a, Xw and bw.  The results of this calculation are presented in 
Tables 1.1-1.4. 


TABLE 1.1 
. - - -_- - .  

For plate made o f  homogeneous material :' 

18
"w'Rw 


0,224 1,00
0,316 ­
0,387 1 ,@J 
0,500 0,995 
0,518 d 

0,592 0,995 
0,671 0,995 
0,707 ­
0,742 0,995 
0,806 0,981 
0,837 ­
0,8W 0,851 
0,922 0,871 
0,950 ­
0,975 0,705 
1.05 0,172 
192 0,018-1.4 
 _1183 

R, = mm 
I. . . 

~­
1,oo 1,00 1.00 

1,oo 1.00 1,00
0,991 1,00 0,998 

0,985 0,999 0,998 

0,975 0,999 0,998 


0,954 0,999 0,998 

0,9190,999 n.99'1 
- _ ­
0,859 0,998 0,981 

0,758 0,980 0,927 


0,603 0,871)0,766 
0,260 0,OGi) 0,123 
0,068 0,001 0,0071 
0,OOL 0,007 ­- - -

- I !­

- k ­
0,997 0,981 0,997- - L 

- - ­
0,988 0,952 0,997- - ­
- - ­

0,980 0,907 0,997- - ­
- - L 

0,914 0,801 0,982
- - ­
- - ­

0,718 0,613 0,851
- - ­
0,231 0,3n3 0,118 

0,045 0,110 0,008 

0,004 0,023 L - 0,ooic -. 

~ 

_ - ­
0,999 0,989 1,oo 


- 4 ­

0,995 0.95'1 0,999 

- - e  
_ - ­

0,991 0,892 0,982 


0.,919 0,779 0,918 


0,774 0,588 0,709. 


0,187 0,322 0,238 

0,024 0,126 0,013 

0,0014 0,0300,0035 


-- 0,002 
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Commas indicate Decimal points. 
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TABLE 1.2 

. .__-

Calculated data for table 1.1 

. - ­

o s  i i i i 2 2 

i . W  5.104 5 . W  1.W 1.10s 5..10' 1.10' 

kea' 

'w m*hr"C 100 330 20 io0 100 330 20 100 100 20 

I a*Rw 9,OO 2,73 90,O 18,O 9,OO 2,73 90.0 18,O 5.40 	 90,o 
-

Commas indicate decimal points. 


TABLE 1.3 

I For plate made of heterogeneous
materials: 
kca 1 kca 1 

LI . '  q:']. 

0,316 0,988 i ;'JO 
0,548 . 0,975 LI,S i 0  
0,707 0,989 0.950 
0,837 0,937 0,gio 
0,9/19 0,88S 0,900 
1,02 0,337 0,210 
1,05 0,149 0,ilO 
1.09 0,065 I,;

,I : - : ..:.. 
.I ,13 0,027 [i ,bL5 
1,18 0,010 0,012 
1 ,33  0,003 0,005 
1,30 0,001 -

-__I---

C o m a s  indicate decimal points. 


20 



TABLE 1.4 

Calculated data fo r  t a b l e  1.3 

1 1 1.5 
Rw9 " 18 28 18 

kca 1 
Q S- m. io3 40.103 80-103

m2hroC 
a' Rw 2,18 3,39 4,36 

~. a = - - _ _ ~  

xW 
Commas indicate  decimal p o i n t s .  

On Figure 13 as an example w e  show t h e  d i s t r i b u t i o n  of heat flow over 
t h e  heating surface of a f l o o r ,  t h e  working port ion of which is made of 
copper. The dimension of t h e  cathode i s  se l ec t ed  i n  correspondence with t h e  
dimension of t h e  working po r t ion  of t h e  f l o o r  (38 mm). Calculation of t h e  
heating current  and vol tage of t h e  cathode i s  performed as follows. 

The area of t h e  surface of t he  s p i r a l  port ion of t h e  cathode is 

where dk is t h e  diameter of t h e  wire of which t h e  cathode is made; Zk is t h e  
length of t h e  working port ion ( s p i r a l )  of t h e  cathode; Dav i s  the  mean 

diameter of t h e  s p i r a l ;  nk i s  t h e  number of t u rns  of t h e  s p i r a l .  

Knowing t h e  working surface area of t h e  cathode Fk and t h e  nominal / 34-
r e c t i f i e r  current  Ia' we can f ind  t h e  necessary emission current  densi ty  

(I .32) 


After determining j, using t h e  dependehce of s p e c i f i c  emission on temperature, 
w e  can f i n d  t h e  operating temperature of t h e  cathode. Once we know t h e  
operating temperature and t h e  dimensions of t h e  cathode, w e  can f ind  t h e  
heating power required 
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. ,  
where Z i  i s ' t h e  length o f  t h e  cathode, and rl i s  t h e  s p e c i f i c  r ad ia t ion  

power from t h e  cathode at t h e  operating temperature. The value of n f o r  
tungsten and a number of o the r  metals can be found i n  [48]. After determin­
ing t h e  heating temperature and knowing t h e  s p e c i f i c  r e s i s t a n c e  of t h e  
cathode at  t h e  operating temperature, we can e a s i l y  c a l c u l a t e  t h e  current  
and voltage required f o r  heat ing.  For example, f o r  t h e  tube design shown 
on Figure 10, t h e  heat ing power i s  approximately 1.0 kw, t h e  current  and 
voltage f o r  heat ing are 50 A and 20 V respect ively.  On t h e  bas i s  of these 
data ,  t h e  p a r p e t e r s  of t h e  filament-transformer can be se l ec t ed .  

The e l ec t ron  tube is  supplied from a rec t i f ie r  device. A c i r c u i t  of 
t h e  r e c t i f i e r  device used by t h e  authors i s  i l l u s t r a t e d  on Figure 14. The 
r e c t i f i e r ,  made of thyratrons,  was supplied by an anode transformer, t h e  
voltage a t  t h e  input of which was adjusted by an autotransformer. 

The heating supply f o r  t h e  cathode of t h e  lamp was from a filament 
transformer, whose c i r c u i t  contained an autotransformer and voltage 
s t a b i l i z e r  . 

The anode vol tage was measured using a vol tage d iv ide r  with a mult iple  
range v o l t  meter. The anode current was measured with a multi-range 
ammeter. The ammeter and v o l t  meter, t h e  indicat ions of which determine t h e  
filament power, were connected a t  t h e  input of t h e  fi lament transformer, 
due t o  which these  devices did not carry t h e  anode vol tage.  The filament 
c i r c u i t  of t h e  tube included vacuum blocking i n  t h e  tube. The anode c i r c u i t  
was blocked with respect  t o  t h e  filament of t h e  tube and t h e  temperature 
of t h e  f loo r ,  as well as a number of p ro tec t ive  blocking arrangements. 

The nominal anode power was 20 kw; t h e  nominal anode current  was 2 A; 
t h e  anode vol tage was adjusted between approximately 0 and 10 klr. 

The heat flow on t h e  heating surface f o r  t h e  tube design shown on 
Figure 10 can be calculated using t h e  formula 

9 = 9, 4- 9 s .  - qrad. (I. 34) 

The anode component of t h e  heat flow qa is determined from formula (I .17). 

The heat .  flow due t o  r ad ia t ion  from t h e  cathode can be calculated using /35-
t h e  formula . 

0.86 USIS 
qs = K K 1  E, (1.35) 

Fa 

and due t o  r ad ia t ion  from t h e  i n t e r n a l  su r f ace  o f  t h e  base 
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(I .36)  

where Fa and Frad are determined by t h e  diameters of 38 and 46 mm respec­
t i v e l y  (see Figure 11); E is  the  blackness of t h e  p l a t e  surface.  I n  formula 
(I.35), c o e f f i c i e n t  K considers power losses  i n  t h e  filament transformer and 
can be determined experimentally i n  each concrete case. 

F i g u r e  14. Diagram of Electronic Heater Power S u p p l y .  
1 ,  Step -up  tran.sformer; 2 ,  Regulating transformer; 
3, Thyratrons; 4 ,  Thyratron filament transformer;
5 ,  Voitage s tab i  1 i t e r ;  6, Adjusting transformer;
7 ,  Dividing transformer; 8, Fuse  9, Electron tube; 
10, Choke; S G ,  Spark gaps. 

Coefficient K1 considers t h e  share of t h e  power consumed on t h e  cathode, ­/ 3 6  
which is t ransmit ted t o  t h e  plate .by r ad ia t ion .  The value of K1 i s  a l s o  
estimated for  each concrete case.  The value of t h e  product K1*� can be 
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determined experimentally from t h e  temperature d i f f e rence  measured by 
thermocouples located i n  two o r  several  d i f f e r e n t  cross  sec t ions  of t h e  
plate.  It i s  des i r ab le  i n  t h i s  case t o  have r e l i a b l e  da t a  on heat  con­
d u c t i v i t y  of t h e  p l a t e  mater ia l .  The heat  flow r e l a t e d  t o  r ad ia t ion  from 
t h e  i n t e r n a l  surface of t he  platemakes a con�ribution t o  t h e  t o t a l  heat flow 
only at high temperatures i n  experiments on metals. The value of Trad is 
found from t h e  indicat ions of thermocouples placed i n  t h e  p l a t e ,  considering 
t h e  temperature drop. For t h e  tube design which we have analyzed, t h e  value 
Of(qfil  - qrad ) does not exceed 0 . 2 0 1 0 ~kcal/m2=hr. Therefore, with high 
heat  flows (about l o6  kcal/m2-hr) t h e  p r inc ipa l  contr ibut ion t o  t h e  t o t a l  
heat flow is t h a t  of  t h e  anode component of heat flow, which i s  determined 
more p rec i se ly  (with an accuracy of 2-3%) than qfil and qrad * 

The p o s s i b i l i t y  of producing high heat flows was t e s t e d  with t h e  p l a t e  
cooled by a cold a i r  current  moving a t  high speed through a slit made between 
t h e  p l a t e  and a spec ia l  cover. This tube (with t h e  cooling equipment) 
achieved a heat  flow of 20*106 kcal/m2*hr, which was maintained f o r  a long 
period of time. The maximum hea t  flow achieved was 36-106 kcal/m2*hr. 
However, t h i s  flow could be maintained- only f o r  a few minutes, due t o  over­
loading of t h e  anode tTansformer. 

With e l ec t ron ic  heat ing,  t h e  maximum heat  flow i s  p r i n c i p a l l y  l imited by 
t h e  s t r eng th  (mechanical o r  melting) of t h e  heated surface,  i n  which the 
temperature gradients  a r e  high with high heat flows. 

In [17], a cy l ind r i ca l  working s e c t o r  was used with e l ec t ron ic  heating, 
as shown on Figure 15. The cathode is  made of tungsten wire 1 mm i n  
diameter i n  t h e  form of a b i f i l a r  s p i r a l  8 mm i n  diameter and 60 mm long. 
In order  t o  equal ize  t h e  temperature f i e l d  through the  length of t h e  cathode 
and decrease heat losses  by r ad ia t ion ,  t h e  ends of t h e  cathode were covered 
with molybdenum screens.  The working length of t h e  cathode is equal t o  t h e  
d i s t ance  between t h e  screens.  The cathode i s  fastened t o  two molybdenum 
rods 2 mm i n  diameter, s e t  i n  t h e  copper current conductors. The conductors 
a r e  soldered t o  kovar-glass-kovar connectors. The cathode i s  also supported 
by a molybdenum rod 2 mm i n  diameter, which i s  centered by Alundum i n s e r t s .  

The heating wall cons i s t s  of two coaxial ly  located t h i n  walled (29.6 x 
0.35 and 2 1  x 0.5 mm) s t a i n l e s s  s t e e l  tubes.  Copper i s  poured i n t o  t h e  
space between the  tubes,  i n  which thermocouples i n  s t a i n l e s s  s t e e l  covers 
(1.5 x 0.25) a r e  a l so  placed. 

This working s e c t o r  was used i n  an inves t iga t ion  of heat t r a n s f e r  i n  
b o i l i n  sodium a t  temperatures up t o  85OoC with heat  flows up t o  1.5*106
kcal/m 5 Ohr. 
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F i g u r e  15. Electronic Heater Used i n  [171. 

1 ,  Alundum spacer;  2 ,  Molybdenum rod; 3 ,  7 ,  Molybdenum 

screens; 4 ,  Copper f i l l e r ;  5, Tungsten wire cathode, 

1 mm diameter; 6 ,  1Kh18NgT steel t u b e ;  8 ,  Alundum 

i n su la to r s ;  9 ,  Current conductors. 


Heat P i p e  

In experiments on heat  exchange during bo i l ing  of metals conducted a t  
high temperatures with high heat  flow d e n s i t i e s ,  t h e  heat pipe can be used 
both f o r  input of heat t o  t h e  working sec to r  and f o r  carrying heat  away from 
t h e  condenser. 

A heat pipe is shown schematically on Figure 16. The heat t r a n s f e r  i n  
t h e  heat pipe is achieved by vapor, which is  generated by input of heat t o  
t h e  evaporation zone and moves through t h e  vapor channel t o  t h e  condensation 
zone. The condensate is returned t o  t h e  evaporation zone by c a p i l l a r y  forces .  
The c a p i l l a r y  devices may be wire wicks, channels scratched on t h e  i n t e r n a l  
s i d e  of t h e  tube, e t c .  For s t a b l e  operation of t h e  heat  pipe it is  necessary 
t h a t  t h e  vapor flow correspond t o  t h e  flow of condensate through t h e  
cap i l l a ry  device. 

For a laminar flow mode, [55] produced an equation f o r  t h e  quant i ty  of 
heat t r ans fe r r ed  along t h e  tube 

(1.37) 

where Fv, F2 are t h e  cross  sec t ions  of vapor and condensate flow respectively., 

dv, dZ a r e  t h e  hydraulic diameters of t h e  vapor channel and c a p i l l a r y  device 
respect ively;  IT is t h e  length of t h e  heat  pipe; AT is t h e  vapor temperature ­/38 
difference a t  t h e  ends of t h e  heat  pipe.  Formula (1.37) was produced on t h e  
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following assumptions : t h e  temperature and pressure change l i n e a r l y  over 
t h e  length of t h e  pipe;  t h e  physical p rope r t i e s  of t h e  l i qu id  and vapor .are  
constant and g rav i t a t ion  is  absent. 

The maximum temperature difference i n  expression (1.37) can be determined 
from t h e  following formula: 

(1.38) 

while t h e  maximum power, corresponding t o  ATmax' can be determined from t h e  

formula 

- r u  
enax - ( I  .39) 

We can see  from (1.39) t h a t  t h e  power t ransmit ted by a heat pipe depends 
both on i t s  design and on t h e  propert ies  of t h e  working f l u i d .  For any given 
design, t h e  quant i ty  of heat  t r ans fe r r ed  is g r e a t e r  when working f l u i d s  with 
higher l a t e n t  heat  of evaporation ( r ) ,  surface tension (u), vapor density 
.(y") and l iqu id  densi ty  CY) a r e  greater. Another important condition is the  
w e t t a b i l i t y  of t he  working surface o f :  t he  mater ia l  of which the  cap i l l a ry
device i s  made. The less t h e  boundary wetting angle t h e  b e t t e r  t h e  c a p i l l a r y  
device w i l l  work. 

The working media used i n  high temperature heat  pipes may be l i thium, 
sodium, lead, bismuth, s i l v e r  o r  c e r t a i n  other  metals. The se l ec t ion  of 
t h e  s t r u c t u r a l  mater ia l  is very important f o r  successful operation of a heat 
pipe. I t  should be r e s i s t a n t  t o  t h e  working medium and s u f f i c i e n t l y  strong 
at t h e  operating temperatures. During t h e  process of operation of t h e  heat 
pipe,  continuous d i s t i l l a t i o n  of t h e  f l u i d  occurs. If t h e  f l u i d  dissolves  
t h e  construction material, t h e  products of so lu t ion  w i l l  p r e c i p i t a t e  i n  t h e  
evaporation zone, which can lead t o  over heating and f a i l u r e  of t h e  e n t i r e  
heat pipe.  

The s t r u c t u r a l  ma te r i a l s  used f o r  high temperature heat pipes are t h e  ­/39
re f r ac to ry  metals (niobium, molybdenum, tantalumj and t h e i r  a l loys .  

Table 1.5, borrowed from [45], shows information on working media, 
temperature l eve l s  and s t r u c t u r a l  mater ia ls  f o r  heat  pipes.  

In [45], experiments were performed with a tube 600 mm i n  length,  
external  diameter 14 mm with wall thickness 1 mm. The c a p i l l a r y  device 
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Heat i n p u t  

Heat output 

F i g u r e  16. Diagram of 
Heat P i p e .  1 ,  Evaporation 
zone; 2 ,  Vapor channel;
3,  Capillary d e v i c e ;  
4 ,  Cdndensat i on zone ;
5, Working f l u i d  (heat 
t r ans fe r  m e d i u m ) .  

~ 

Operating Material 
temperature transported 

300-540 Water 
640- 1000 Ces i um 
650- 1 100 Potassium 
750- 1200 Sod i um 

1150-1600 L i t h  i um 

1450-1900 Bar i urn 
1600-2100 Lead 
1750-2300 Ind ium 
1850-2500 S i l v e r  

was a t h r e e  sec t ion  wick of 0.22 mm diameter 
wire with an open cel l  diameter of 0.43 &. 
The ou te r  tube and wire wick were made of 
chrome-nickel s t e e l .  

The heating zone was 90 mm, t h e  conden­
s a t i o n  zone - 510 mm. On t h e  i n t e r n a l  surface 
of t h e  tube,  t h e  hea t  f l u x  i n  t h e  heating zone 
was about 190=103kcal/m2-hr, and i n  t h e  
condensation zone - about 3 2 0 1 0 ~kcal/m2-hr.
In  the  heating zone, t h e  heat flow b r i e f l y  
reached (500-600) - l o 3  kcal/m2*hr. The heat 
flow, r e l a t e d  t o  t h e  free cross sec t ion  of 
t h e  tube,  reached 5.6010~kcal/m2*hr. This 
hea t  pipe had an apparent heat conductivity of 
about 8 6 0 0 1 0 ~kcal/m*hr "C, t h a t  i s  exceeded 
t h e  heat conductivity of t h e  wall mater ia l  
by approximately 4 0 0 1 0 ~times. 

The t ransport  medium i n  t h e  pipe was 
sodium, '17.3 grams. The vapor pressure of 
sodium during operat  ion was about 0.15 atm. 
abs. The vapor ve loc i ty  i n  t h e  heating zone 

/40 
was 65 m/sec. The calculated pressure drop 
i n  t h e  vapor space was about 1.8 atm.abs., 
and the calculated temperature drop was about 
0.72"C. 

For purposes of  cleaning and t o  assure 
good wetting, t h e  tube and wick were heated 
i n  a vacuum f o r  several  hours a t  1200°K. 

TABLE 1.5 
S t  ructu ra 1 

mater i a 1 

Chrome-nickel steel 
Titanium 
Chrome-nickel steel 
I 1  

Niobium-zirconium 
a1 loy

Tantel um 
I 1  

Tu ng s t e n  
I t  

Operating 
1 i fe 

Over 7500 hrs .  a t  360°K 
Over 2000 hrs.  a t  650°K 

Over 500 hrs .  a t  1050°K 
4300 hrs. a t  1350°K 

280 hrs. a t  1850°K 
280 hrs .  a t  1850°K 
75 hrs. a t  2150°K 
335 hrs. a t  2150°K 
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The heating is a l so  necessary f o r  removal of non-condensing gases from 
t h e  system, s ince  t h e  presence of even small q u a n t i t i e s  of t hese  gases 
c rea t e s  considerable thermal r e s i s t ance  i n  t h e  condensation zone, r e su l t i ng  
i n  sharply decreased effect iveness  of operation of t h e  pipe.  

On t h e  b a s i s  of ana lys i s  of various methods of heat ing,  we can conclude 
t h a t  t h e  broadest p o s s i b i l i t i e s  f o r  i nves t iga t ion  of heat exchange during 
bo i l ing  of metals under conditions of f r e e  convection are provided by t h e  
method of e l ec t ron ic  heat ing of t h e  heating wall. The usage of r e f r ac to ry  
mater ia ls  (molybdenum, niobium, tantalum and a l loys  based on these  metals) 
i n  combination with e l ec t ron ic  heating makes it poss ib l e  t o  inves t iga t e  heat 
t r a n s f e r  and c r i t i c a l  hea t  flows 'in t h e  bo i l ing  of metals a t  temperatures 
over 1,000" C . 

In some cases,  plasma heating and r a d i a t i o n  heat ing with focused beams 
can be used f o r  t h e  c rea t ion  of high heat flows, i n  addi t ion t o  t h e  methods 
w e  have mentioned. For example, i n  t h e  l a t t e r  case a system consis t ing 
of an e l e c t r i c a l  arc and mirrors placed i n  a vacuum chamber can be used. 

Tempe ra t u re. M easu r*e nJ 

Experimental i nves t iga t ion  of heat t r a n s f e r  must include determination 
of t he  temperature of t h e  heating surface.  In  experiments on heat t r a n s f e r  
and bo i l ing  (and bo i l ing  of metals i n  p a r t i c u l a r ) ,  determination of t h e  
temperature of t h e  heating surface requires  p a r t i c u l a r  care ,  s ince  i n  t h i s  
case the  heat t r a n s f e r  coe f f i c i en t s  have high values.  

In experiments on hea t  t r a n s f e r  i n  bo i l ing  of non-metallic l i qu ids  i n  
tubes heated by t h e  passage of e l e c t r i c  current ,  t h e  temperature of t h e  
heating surface can be determined r a t h e r  p rec i se ly  from measurements of 
temperatures by thermocouples o r  a r e s i s t ance  thermometer located within 
t h e  tube, considering the  temperature drop i n  the  surface.  

When the  heating methods analyzed above, s u i t a b l e  f o r  i nves t iga t ion  of 
heat exchange i n  bo i l ing  of metals,  a r e  used, t h e  p r i n c i p a l  method of 
determining t h e  temperature of t h e  heating surface is measurement of t h e  
temperature with thermocouples placed i n  t h e  wall. In determining t h e  
temperature of t h e  heat ing wall, ser ious a t t e n t i o n  must be given t o  such 

/41 
problems as : 

1)  correct ion f o r  t h e  temperature drop i n  t h e  heat ing wall and d i s t o r t i o n  
of t h e  temperature f i e l d  a t  t h e  point of placement of t h e  thermocouple; 2) 
changes i n  t h e  temperature of t h e  f l u i d  and heat ing wall with time; 3) changes 
i n  the  c h a r a c t e r i s t i c s  of t h e  thermocouple during t h e  process of operations.  
Let us  analyze these  problems i n  more d e t a i l .  

Correction f o r  Temperature Drop ,in Heating Wall and Di s to r t ioLof  
w t Point o F l n s t g l  l a t ion~-of Thermoco& -

With high hea t  flows, t he  temperature gaadients i n  the1 heating surface 
(pa r t i cu la r ly  i n  a wall with low heat conductivity) are g r e a t .  The 

28 



-- 

temperature drops over a dis tance equal t o  t h e  diameter of a thermocouple 
may be comparable t o  t h e  temperature head between t h e  wall and t h e  l i qu id .  
For example, with a heat flow of l o 6  kcal/m2-hr i n  a waIl of s t a i n l e s s  s t e e l ,  
t he  temperature drop over l m m  i s  approximately 5OoC, while A t a  i n  t he  bo i l ing  

of metals may be 20-30°C. 

Distor t ions of t h e  temperature f i e l d  i n  t h e  heat t ransmit t ing w a l l  by 
a thermocouple well may lead t o  s i g n i f i c a n t  e r r o r s  i n  t h e  determination of 
t h e  surface temperature [ 5 6 ,  571. Figure 17 shows t h e  q u a l i t a t i v e  d i s t r i ­
bution of temperature i n  a wall with an aperture  and a rectangular s l o t  f o r  
which t h e  heat  conductivity X1 i s  l e s s  than t h e  heat conductivity of t h e  wall 

mater ia l  A2, which is usual ly  t h e  case i n  p r a c t i c e .  The heat flow moves 
around t h e  s l o t ,  as a r e s u l t  of which t h e  temperature f i e l d  i n  t h i s  region,
is d i s to r t ed .  For example, i f  t h e  thermocouple junct ion is located a t  point  
K ,  t he  thermocouple w i l l  measure temperature t2, not t l ,  which corresponds 
t o  t h e  temperature i n  t h i s  cross  sec t ion  away from t h e  wel l .  The e r r o r  
r i s i n g  i n  t h i s  case depends on t h e  amount of displacement of isotherm t2  

r e l a t i v e  t o  isotherm t l .  

The d i s t o r t i o n  of t h e  temperature f i e l d  i n  t h e  area of t h e  thermocouple 
well f o r  various well geometries and various well locat ions i n  the<sur facef o r  
t h e  boundary conditions a t  t h e  surface tw= const and ci = const has been 
invest igated a n a l y t i c a l l y  and using e l e c t r i c  modeling i n  [ 5 6 ]  under t h e  con­
d i t i o n  A1 = 0 (see Figure 17). The ca l cu la t ion  of t h e  difference between 

temperatures t l ,  t 2 and t 3 can be performed using the  formulas 

( I .  40) 

t l - t  a -
qo% 

( I  -41) 

The values of and nT a r e  presented i n  Tables i n  [ 5 6 ] .  In p a r t i c u l a r ,  f o r  ­/ 42  
a c i r c u l a r  wel l ,  s u f f i c i e n t l y  remote from t h e  heat exchange surface,  i s  
equal t o  i t s  radius  rT. 

V .  N.  Popov [57] produced an ana ly t i c  so lu t ion  f o r  t h e  temperature f i e l d  
i n  a semi-limited mass having an inclusion i n  t h e  form of an i n f i n i t e l y  long 
cylinder with a r b i t r a r y  heat conductivity A1 (see Figure 17, a)  with t h e  
boundary condition tw= const.  Area 1 can be looked upon as t h e  cross sec t ion  
of t h e  cy l ind r i ca l  thermocouple junction o r  as  t h e  cross sec t ion  of t h e  
cy l ind r i ca l  aper ture  f o r  placement of t h e  thermocouple, at  one point of which 
t h e  point  junct ion of t h e  thermocouple is located.  The temperature is sought 
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Figure 17. Distribution of Temperature in Plate With Circular 
Aperture (a) and Rectangular We1 1 (b). 

A l  and A 2 ,  Heat conductivity of well material and wall respectively; 
t2 and t4, Isotherms passing through center of lower (point K) and 
upper planes o f  well respectively; tl, Isotherm corresponding to 
temperature in cross section of point K far from well; and T-IT ’  
Displacement of isotherms tl and t3 respectively relative to 
isotherm tl; rST, Distance from wall center to wall surface. 

in dimensionless form 
t - tw 

-TT A 2  = T* + T**, (1.42)T T 

‘OrT 


where TF is the known solution of the La Place equation 


V’T, =0,  (I.43) 

and Tf* is the correction for temperature field distortion at this point. 


For example, for 6T/rT > 5, the value of T+* at the center (x = 0; y = 0) 
can be calculated with good accuracy (1-2%) using the formula 

(I.44) 


In measuring the temperature of the heat giving surface, it is expedient 

to select a thermocouple well design which can be easily analyzed from the 

point of view of measurement error. When the position of the thermocouple
junction in the well is not known, which is frequently the case in practice, ­/43
the maximum uncertainty in temperature measurement may be At = t2 - t4, that 
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is q u i t e  g r e a t .  The value of difference t2 - t4 can be reduced by decreas­
ing t h e  dimensions of t h e  thermocouple and correspondingly t h e  dimensions 
of thermocouple well and by increasing t h e  heat conductivity of t h e  surface 
mater ia l  A 2 .  A t  t h e  present t i m e ,  t he  dimensions of thermocouples i n  covers 

used i n  experiments on heat exchange i n  the  bo i l ing  of metals are between 
0.3 and 0.8 nun. I t  is d i f f i c u l t  t o  a n t i c i p a t e  any e s s e n t i a l  decrease i n  t h e  
dimensions of thermocouples designed f o r  t hese  purposes i n  t h e  near fu tu re .  
More promising is t h e  usage of mater ia ls  with high hea t  conductivity i n  t h e  
area of placement of t h e  thermocouples. With t h i s  purpose i n  mind, t h e  
authors have developed a spec ia l  method of manufacture of working sec to r s ,  
~ 5 ~ 1 .  


Figure 18 shows a diagram of an i n s t a l l a t i o n  f o r  manufacture of working 
s e c t o r s  with a copper i n t e r l a y e r  (plate)  f o r  t h e  hea te r  design used by 
t h e  authors .  Melting of t h e  copper occurs i n  a s t a i n l e s s  s t e e l  tube 
evacuated by a d i f fus ion  pump, which is  heated on t h e  outs ide by a s i l i t  
hea te r .  A t  t h e  bottom, a t  the end of t h e  pipe,  t he re  is a s l i t  chamber, 
through which a i r  can be pumped by a compressor. A pipe i s  welded t o  t h e  
coppe r - f i l l ed  p l a t e  t o  draw away the  shrinkage cavi ty .  A molybdenum cruci­
b l e  f i l l e d  with copper i s  fastened above t h e  pipe.  The temperature of t h e  
p l a t e  during t h e  process of manufacture i s  checked by thermocouples i n  
c a p i l l a r i e s .  Usually, c a p i l l a r i e s  ' 0 . 8  x 0.15 mm made of s t a i n l e s s  s t e e l  
or VN-2 a l l o y  a r e  used. The indicat ions of t h e  thermocouples a r e  recorded 
on type EPP-09 recording potentiometers. The beginning of melting of t h e  
copper i s  p r e c i s e l y  indicated by t h e  thermocouples. A few minutes a f t e r  t h e  
beginning of melting, a i r  cooling is  turned on, i n  order  t o  assure d i r ec t ed  
c r y s t a l l i z a t i o n  of t h e  copper i n  t h e  p l a t e .  

After  t h e  p l a t e  i s  f i l l e d ,  it is  worked on a l a t h e .  With copper f i l l i n g ,
t h e  hea t  t r ansmi t t i ng  surface may be any one of several  metals.  I t  is  
convenient t o  use a f o i l  sheet of t h e  metal ,  with t h e  remaining port ion of 
t h e  f l o o r  made of s t a i n l e s s  s t e e l .  

Metallographic invest igat ions.  have indicated t h a t  good d i f fus ion  bonding 
occurs between t h e  copper and t h e  material  of t h e  heat  t ransmit t ing surface,  
while t h e  area of i n t e rpene t r a t ion  o f  t h e  metals i n t o  each other  (for which 
t h e  value of hea t  conductivity i s  not known) does not exceed some hundredths 
of a mil l imeter .  Therefore, t h e  thermal contact between t h e  copper and 
s t e e l  can be considered i d e a l  with a good degree of accuracy. Figure 19 shows 
a micro-section of t h e  junct ion of copper with s t a i n l e s s  s t e e l  produced 
during pouring. 

In  t h e  s e c t o r s  f i l l e d  with copper the  area i n  determining t h e  tempera­
t u r e  difference is considerably l e s s  than i n  t h e  remaining sec to r s  due t o  t h e  ­/45

lower temperature g rad ien t s  i n  t h e  copper. With i d e n t i c a l  heat flows and 
dimensions of thermocouple wel ls ,  t h e  temperature difference t2 - t4 (see 
Figure 17) f o r  copper w i l l  be 15-20 times l e s s  than f o r  s t a i n l e s s  s t e e l .  
Furthermore, when f i l l i n g  is used t h e  temperature d i f f e rence  can be reduced 
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by decreasing t h e  dimensions of t h e  well (radius rT) i n  comparison with a 
w e l l  made mechanically. For eyample, t h e  temperature e lectrodes i n  t h e  
temperature measurement zone can be covered with copper without a p ro tec t ive  
cap, with t h e  electrodes covered only by alundum. With high heat flows 
(about l o 6  kcal/m2*hr), t h e  copper-covered s e c t o r s  can operate  a t  approxi­
mately t h e  same temperatures of heat t r a n s f e r  medium metal as t h e  s t e e l  
s ec to r s .  

1 Thermocouple,
j \ 
i 
I 
I
I 

- iZ !  

\ 1Top$'bff u s  ion
iK-­

c 
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I 

I 
I

L 

Figure 18. Diagram of Ins t a l l a t ion  for  Copper F i l l i n g  o f  Working 
Sectors.  1 ,  E l ec t r i c  furnace; 2 ,  Molybdenum sublayer;  3 ,  Pla t e ;
4 ,  Casting pipe; 5 ,  Copper piece; 6 ,  Molybdenum c ruc ib l e ;  7 ,  Body;
8 ,  Inset; 9, Siloxane resin and Teflon s e a l ;  10, B u s h i n g ;  1 1 ,  Tension 

screw. 
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Thus, working s e c t o r s  with varying geometry can be  manufactured. 

I.(. , 

8 2 

s . 


Figure 19. Micro-section of 
In t e r f ace  Between Copper ( 1 )  
and 1Kh18N9T Stee? (2)  Pro­
d u c e d  by Pouring Copper. 
(Magnified 200 T l m e s ) .  

Change of Temperature of . -L i q u i d  and 
Heating Wall w i t h  Time 

In  c e r t a i n  works, i n  order  t o  determine 
t h e  tempera ture  head between wal l  and l i q u i d ,  
t h e  temperature  of t h e  wa l l  and t h e  tempera­
t u r e  of t h e  l i q u i d  a r e  measured i n d i v i d u a l l y .  
In  o t h e r  words, t h e  temperature  d i f f e r e n c e  
between wal l  and l i q u i d  is measured d i r e c t l y .  
Measurement of  t h e  temperature  d i f f e r e n c e ,  
i n  our  opin ion ,  is p r e f e r a b l e ,  s i n c e  expe­
, r i e n c e  has  shown t h a t  during t h e  b o i l i n g  
process  c e r t a i n  changes i n  t h e  l i q u i d  tempera­
t u r e  a r e  p o s s i b l e ,  so  t h a t  i n  order  t o  
determine t h e  temperature  head on t h e  b a s i s  of 
wal l  and l i q u i d  temperatures  measured sepa­
! r a t e l y ,  p r e c i s e  synchroniza t ion  of  measurements 
i s  r equ i r ed .  The metal  temperature  i n  volume 
may change due t o  i n s u f f i c i e n t l y  balanced 
hea t  input  and output  i n  t h e  i n s t a l l a t i o n .  

This  is p a r t i c u l a r l y  t r u e  with uns t ab le  b o i l i n g  ahd a l t e r n a t i o n  between h e a t  
removal by convect ion and hea t  removal by b o i l i n g .  

i +I 2 

I __ ~ Ii 
U 5' I 

Figure 20. Diagram of Measurement of 
Temperatures. 1 ,  Thermocouples; 2 ,  
Switch; 3 ,  Semi-automatic po ten t iometer ,  
P 2/1;  4 ,  Automatic EPP-09 p o t e n t i ­
ometer;  5 ,  Breaker swi tch .  

i 

As experiments have shown ­/46
[14,  15, 17 ,  i9], when meta ls  
b o i l ,  s i g n i f i c a n t  p u l s a t i o n s  
of t h e  temperature  o f  t h e  h e a t ­
ing  wal l  may occur .  In  t h i s  
ca se ,  bo th  t h e  na tu re  of t h e  
change of t h e  wal l  temperature  
and t h e  average temperature  
heads can be  determined by 
record ing  only t h e  i n d i c a t i o n s  
of  t h e  thermocouples. F igure  
20 shows a diagram f o r  measure­
ment of  temperatures  used by 
t h e  au thors  which allows an 
automatic  Dotentiometer and 

I 

p e r i o d i c  measurements with a 
p o r t a b l e  potent iometer  t o  be  
used f o r  measurements bo th  of 
t h e  w a l l - l i q u i d  temperature  
d i f f e r e n c e  and of t h e  a b s o l u t e  
tempera tures  i n  wal l  and l i q u i d .  

The temperatures  were 
recorded us ing  a mul t i - range  

( s c a l e s  0-0.5, 0-1, 0-2, 0-5, 0-10 and 0-20 mV) potent iometer ,  remade from a 

33 




s t anda rd  s i n g l e  s c a l e  poten t iometer  t y p e  EPP-09, wi th  a pen f u l l  s c a l e  

t r a v e l  time of 1 s e c  f o r  a l l  scales. I n v e s t i g a t i o n  o f  t h e  frequency 

c h a r a c t e r i s t i c s  of  t h e  EPP-09 one second po ten t iome te r  were performed a t  t h e  

Physics and Energy I n s t i t u t e  by M. Kh. Ibragimov, who showed t h a t  t h e  

dev ice  cannot r eco rd  f r equenc ie s  over  30 Hz. However, a t  f r equenc ie s  o f  

10-30 Hz, t h e  ampli tude i s  e s s e n t i a l l y  decreased .  A t  f r equenc ie s  of  2-3 Hz, 

t h e  EPP-09 can r eco rd  o s c i l l a t i o n s  wi th  ampli tudes not  over  10-20% of  t h e  

maximum s c a l e  l i m i t  wi thout  d i s t o r t i o n .  F igu re  21 shows t h e  frequency 

c h a r a c t e r i s t i c  of  t h e  EPP-09 poten t iometer  wi th  f u l l  s c a l e  pen t r a v e l  time 

1 sec .  Thus, i n  o r d e r  t o  record  l a r g e  scale p u l s a t i o n s  of  temperature  /4/ 
-~ 
dur ing  b o i l i n g  of  me ta l s ,  t h e  EPP-09 mul t i - range  1 second poten t iometer  can 
be  used,  s i n c e  t h e  frequency of  t h e s e  p u l s a t i o n s  does no t  exceed a few Hz.  
When tempera ture  p u l s a t i o n s  a t  f r equenc ie s  over  10 Hz must be  recorded ,  
an o s c i l l o g r a p h  should b e  used.  

- ~­_= 

43 -25% 

0.f 5 
2 

I I I - I 1 -

Figure 21.  Frequency C h a r a c t e r i s t i c  O f  
EPP-09 Potent iometer  W i t h  F u l l  Scale  
P e n  Travel T i m e  o f  1 s ec .  
vT’ Frequency; A T ,  O s c i l l a t i o n  ampli­

t u d e ;  Amax, Upper l i m i t  o f  s c a l e  o f  

dev ice .  

The c o r r e c t  measurement of 
tempera tures  may be  e s s e n t i a l l y  
in f luenced  by a change i n  thermal 
e .m. f . dur ing  t h e  ope ra t ing  p rocess ,  
by h e t e r o g e n e i t y  of t h e  m a t e r i a l  
o f  thermal  e l e c t r o d e s ,  and by t h e  
r e s i s t a n c e  of  t h e  i n s u l a t i o n  [59] .  

e l e c t r o d e s ,  d i f f u s i o n  of  f o r e i g n  
materials, r e s t r u c t u r i n g  of t h e  
c r y s t a l l i n e  l a t t i c e  under t h e  i n ­
f l u e n c e  of tempera ture ,  e t c .  
Changes i n  t h e  t h e r m o e l e c t r i c  
p r o p e r t i e s  of  most thermal e l e c t r o d e  
m a t e r i a l s  a r e  s t r o n g l y  inf luenced  by 
d i f f u s i o n  of  such meta ls  as i r o n  
and copper,  f o r  example. 

A l l  materials, i nc lud ing  t h o s e  of  thermal  e l e c t r o d e s ,  a r e  c h a r a c t e r i z e d  
by a c e r t a i n  degree of  he t e rogene i ty .  A s  t h e  d iameter  of  t h e  thermal elec­
t r o d e s  dec reases ,  t h e  he t e rogene i ty  and i t s  i n f l u e n c e  may i n c r e a s e .  The 
i n f l u e n c e  of h e t e r o g e n e i t y  of t h e  thermal e l e c t r o d e  m a t e r i a l  on i n d i c a t i o n s  
of thermocouples appears when t h e r e  is  a tempera ture  g r a d i e n t .  In i n d i v i d u a l  
s e c t o r s  of i n s t a l l a t i o n s ,  p a r t i c u l a r l y  high tempera ture  s e c t o r s ,  s i g n i f i c a n t  
temperature  g r a d i e n t s  a r e  p o s s i b l e .  If it is  imposs ib le  t o  avoid a r e a s ’ w i t h  
h igh  tempera ture  g r a d i e n t s  i n  p l ac ing  thermocouples, measures should be taken 
t o  dec rease  t h e  g r a d i e n t s  a t  t h e  po in t  of i n s t a l l a t i o n  of  t h e  thermocouples. 
The manufacture of thermal  e l e c t r o d e s  should be  performed us ing  s e c t i o n s  of 
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wire  wi th  minimal h e t e r o g e n e i t i e s .  The degree of homogeneity of  thermal 
e l e c t r o d e  wire can be e a s i l y  t e s t e d  by h e a t i n g  t h e  wire  i n  i n d i v i d u a l  
s e c t i o n s  i n  t h e  flame of  an alcohol  burner  and measuring t h e  a i r  e.m.f. 
produced. Local h e t e r o g e n e i t y  of t h e  thermal e l e c t r o d e  wire  can be  decreased 
by annea l ing .  For example, annea l ing  of chrome1 and alumel f o r  t h i s  purpose ­/48
is recommended a t  800°C f o r  one hour by [59].  

A t  h igh  t empera tu res ,  t h e  r e s i s t a n c e  of  i n s u l a t i o n  may be n o t i c e a b l y  
decreased .  The v o l t a g e  a t  t h e  t e r m i n a l s  of a thermocouple Uk, cons ide r ing  

r e s i s t a n c e  of  i n s u l a t i o n  R i n s  ' can be  determined us ing  t h e  fo l lowing  

formula [59] 

(I.45) 


where UT is  t h e  e.m.f. of t h e  thermocouple; RT is t h e  r e s i s t a n c e  of  t h e  

thermocouple. In  measuring h igh  temperatures  by thermocouples, i n  o rde r  t o  
avoid e r r o r s ,  a t t e n t i o n  should be  turned  t o  t h e s e  e f f e c t s .  

In measuring t h e  w a l l - l i q u i d  temperature  d i f f e r e n c e ,  it is  necessary  
t o  know t h e  d i f f e r e n c e s  i n  graduat ion  curves of thermocouples a t  t h e  moment 
of measurement ( f o r  example, on Figure 22 a t  temperature  t l ,  t h e  d i f f e r e n c e  

i n  graduat ion  AE 0) i n  o r d e r  t o  determine t h e  temperature  d i f f e r e n c e  between 

t h e  h e a t  t r a n s m i t t i n g  s u r f a c e  and t h e  l i q u i d  (At) from t h e  measured d i f f e r e n c e  
i n  e.m.f.  AE1. 

In  o rde r  t o  determine A t  from AE = AE1 - AEo, a s t anda rd  c a l i b r a t i o n  

can be used f o r  t h e  type  of thermocouple i n  ques t ion .  This w i l l  not r e s u l t  i n  
g r e a t  e r r o r ,  s i n c e  t h e  tangent  of t h e  angle  of i n c l i n a t i o n  of i n d i v i d u a l  
curves ( cons ide r ing  t h e i r  s e c t o r s  l i n e a r )  i s  nea r  t h e  t angen t  of t h e  angle  of ­/49 
i n c l i n a t i o n  of  t h e  s t anda rd  c a l i b r a t i o n  curve.  A s  exper ience  ,has  shown, f o r  
example f o r  a chromel-alumel thermocouple, widely used i n  experimental  
p r a c t i c e ,  t h e  c a l i b r a t i o n  curves u s u a l l y  do n o t  d i f f e r  from t h e  s t anda rd  
curves by more than  10-15°C even at  temperatures  of  800-900°C. Therefore ,  
t h e  e r r o r  i n  de t e rmina t ion  of A t  r e s u l t i n g  from usage of a s t anda rd  c a l i ­
b r a t i o n  curve  w i l l  not  exceed 1-1.5%. A t  t h e  same t ime,  f a i l u r e  t o  cons ide r  
d i f f e r e n c e s  i n  c a l i b r a t i o n  curves of thermocouples (At) may lead  t o  e s s e n t i a l  
e r r o r s  (about AtO/At*lOO%)i n  t h e  de te rmina t ion  of  A t .  For example, i f  t h e  

tempera ture  d i f f e r e n c e  A t  measured i s  30"C, and t h e  d i f f e r e n c e  i n  c a l i b r a t i o n  
curves of t h e  thermocouple A t O  i s  15"C, i f  t h e  d i f f e r e n c e  i n  c a l i b r a t i o n  is  

not  considered t h e  e r r o r  i n  de te rmina t ion  of  A t  w i l l  b e  50%. In  t h e  measure­
ment of sma l l e r  tempera ture  d i f f e r e n c e s ,  t h e  e r r o r  w i l l  be  even g r e a t e r .  
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Figure 22. Thermal e .m.f .  o f  Thermo­
couples As A Function of Temperature. 
1 ,  For thermocouple measuring s u r f a c e  
temperature;  2 ,  Fo,r thermocouple 
measuring 1 i q u i d  t empera ture ;  3 ,  
Standard c a l i b r a t i o n  l ine.  

In connect ion wi th  t h e  f a c t  t h a t  t h e  
may change wi th  time, it i s  d e s i r a b l e  i n  
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Figure 23. Thermocouple G r i d  
For Measurement of Temperature 
D i s t r i b u t i o n  by He igh t .  
1 ,  Cap i l l a ry  con ta in ing  thermo­
couple;  2 ,  Connecting p iece ;
3 ,  Tube.  

c h a r a c t e r i s t i c s  of  thermocouples 
experiments t o  determine t h e  

divergence i n  c a l i b r a t i o n  of thermocouples (AEo) p e r i o d i c a l l y ,  t h e n  use  

t h e s e  f i g u r e s  t o  determine t h e  temperature  d i f f e r e n c e  between wall and l i q u i d .  
The va lue  of AE0 can be p r e c i s e l y  determined i f  w e  know t h e  tempera ture  

f i e l d  between thermocouples measuring t h e  l i q u i d  tempera ture  and wall tem­
p e r a t u r e  wi th  no h e a t  t r a n s f e r  over  t h e  working s e c t o r .  

A thermocouple g r i d  (Figure 23) and a moving thermocouple may be  used 
t o  measure t h e  tempera ture  f i e l d  i n  the  volume of  t h e  me ta l .  The measure­
ment of temperature  f i e l d s  by a moving thermocouple provides  t h e  most 
a c c u r a t e  r e s u l t s ,  s i n c e  i n  t h i s  case  t h e  r e l a t i v e  change i n  tempera ture  is  
determined by t h e  same thermocouple. Figure 24 shows a moving thermocouple 
used by t h e  au tho r s  f o r  measurement of  tempera ture  f i e l d s  i n  areas on h e a t  
exchange dur ing  b o i l i n g  of sodium, potassium and cesium. 

The thermocouple is  p laced  i n  a tube ,  t h e  end of which i s  welded t o  a 
t i p  wi th  a s t a i n l e s s  s t e e l  c a p i l l a r y  0.8-1 mm i n  d iameter .  A chromel-alumel 
thermocouple (thermal e l e c t r o d e  diameter  0 .2  nun) i s  p laced  i n  t h e  c a p i l l a r y  
i n  an Alunduminsula tor .  The c a p i l l a r y  is  bent  a t  a r i g h t  ang le  t o  t h e  tube.  
Displacement of t h e  tube  i n  t h e  v e r t i c a l  d i r e c t i o n  i s  achieved by a r e v e r s -
a b l e  e l e c t r i c  motor. As t h e  tube i s  d i sp laced  t h e  c a p i l l a r y  and the.rmo- ­/SO
couple can be brought i n  c l o s e  con tac t  wi th  t h e  h e a t i n g  s u r f a c e .  V e r t i c a l  
displacement of t h e  thermocouple (by approximately 300 mm) wi thout  
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d i s r u p t i n g  t h e  seal  o f  t h e  i n s u l a t i o n  i s  assured by t h e  ex tens ion  (con­
t r a c t i o n )  o f  bel lows made o f  s t a i n l e s s  s t e e l .  The p o s i t i o n  o f  t h e  thermo­
couple with v e r t i c a l  displacement i s  determined by s e l s y n s  wi th  an accuracy 
of rt 0 . 1  mm. 

Microthermocouples 


Problems o f  t h e  design and technology o f  manufacture of microthermo­
couples were analyzed i n  [59-611. Here we w i l l  touch upon t h e s e  problems 
on ly  as concerns microthermocouples f o r  t h e  measurement o f  high t empera tu res ,  
s i n c e  they  are used f o r  t h e  measurement of temperatures  o f  t h e  h e a t i n g  s u r f a c e ,  
t h e  temperature f i e l d s  i n  t h e  l i q u i d  and i n  t h e  vapor i n  experiments with 
b o i l i n g  me ta l s .  

Usual ly ,  microthermocouples are made i n  a p r o t e c t i v e  cover .  In  one 
s e c t i o n  t h e r e  may b e  one (Figure 25,  a) o r  two (Figure 25, b )  thermal 
e l e c t r o d e s .  Thermocouples with one e l e c t r o d e  p e r  s e c t i o n  a r e  convenient t o  
u s e  f o r  measurement of temperatures  o f  t h e  h e a t  t r a n s m i t t i n g  wal l ,  s i n c e  
with i d e n t i c a l  diameters  o f  thermal e l e c t r o d e s ,  t h e i r  dimensions w i l l  b e  less 
than  t h o s e  of thermocouples with two e l e c t r o d e s  p e r  s e c t i o n .  The ho t  
j u n c t i o n  of a thermocouple may b e  non-insulated (Figure 25, d) o r  i n s u l a t e d  
(Figure 25 ,  e) from t h e  p r o t e c t i v e  cover .  The thermocouples with i n s u l a t e d  
ho t  j u n c t i o n s  are used f o r  measurement of  temperature  d i f f e r e n c e s .  If t h e  
thermocouples, f o r  example i n  i n s t a l l a t i o n  i n t o  experimental  appa ra tus ,  must 
b e  bent  with a small  r a d i u s  (on t h e  o r d e r  of t h e  diameter  o f  t h e  cove r ) ,  t h e  
envelope of  t h e  thermocouple should b e  t i g h t l y  p re s sed  a g a i n s t  t h e  e l e c t r o d e s  
i n  t h e  i n s u l a t i o n .  In o r d e r  t o  do t h i s ,  t h e  thermocouples con ta in ing  two 
e l e c t r o d e s  p e r  s e c t i o n  should b e  passed through shaped r o l l e r s  (Figure 25, c ) ,  
whi le  thermocouples such as t h o s e  shown on Figure 25, a a r e  passed through 
draw p l a t e s .  Drawn and r o l l e d  thermocouples should b e  annealed [ 59 ] .  

A t t e n t i o n  should b e  tu rned  t o  t h e  p o i n t  where t h e  thermal e l e c t r o d e  
leaves t h e  p r o t e c t i v e  cove r ,  s i n c e  a t  t h i s  p o i n t  t h e  i n s u l a t i o n  can be most 
e a s i l y  broken and s h o r t  c i r c u i t s  occur .  When one thermal e l e c t r o d e  i s  
brought o u t ,  t h e  des ign  shown on Figure 26, a can b e  used.  A bushing tu rned  
from an i n s u l a t i n g  material ( f o r  example t e x t o l i t e )  is  t i g h t l y  placed over  
t h e  end of t h e  c a p i l l a r y ,  and a v i n y l  c h l o r i d e  t u b e  o f  t h e  r equ i r ed  l eng th  
i s  placed ove r  t h e  bushing.  

The s t r u c t u r e  shown on Figure 26, b can b e  recommended f o r  b r ing ing  ou t  
two thermal e l e c t r o d e s  from one end o f  t h e  p r o t e c t i v e  cover .  

When a thermocouple must b e  brought ou t  o f  an i n s t a l l a t i o n  without  
d i s r u p t i n g  he rme t i c  s e a l i n g ,  t h e  p r o t e c t i v e  cover  should b e  so lde red  i n t o  
t h e  wall o f  t h e  i n s t a l l a t i o n  (Figurt? 26, c )  or t h e  thermocouple l ead  should 
be brought o u t  through a wall  i n s u l a t o r  (Figure 26, d ) .  
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F i g u r e  24. Bo i  1 i n g  Tank W i t h  
Movable Thermocouple Developed 
By The A u t h o r s .  
1 ­
2 ­
3 ­
4 ­
5 -

Cup w i t h  floor; 

C o o l i n g  s t r i p ;  

Work ing  t a n k ;  

Moving  the rmocoup le ;  

Condenser; 


f. 
i 

I' 

t ..I 

6 ,  32 - Guide bush ings ;  
7, 9 - F langes;  
8 - I n s e r t ;  

10, 15, 25, 34 - Bush ings ;  
1 1  - Gu ide  t u b e ;  
12 - Be l l ows ;  
13 - Guide screw;  
14, 36 - N i p p l e s ;  
16 - C o n n e c t i n g  t u b e ;  
17, 35 - Sea ls ;  
18, 31, 33 - Nuts;  
19 - Limb; 
20 - S e l s y n  c o v e r :  
21 - S e l s y n :  
22, 27, 29 - B e a r i n g s ;  
23, 26 - Gears;  
24 - M o t o r ;  
28 - Body; 
30 - Screw; 
37 - Thermocouple tube ;  
38, 39, 40 - Hea te rs .  
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Figure 25. Design of  Microthermocouples
In Protective Covers. a ,  Microthermo­
couple with one thermal electrode in 
section; b, cy Microthermocouples with 
two thermal electrodes in cross section; 
d,  Microthermocouple with non-insulated 
junction; e, Microthermocouples with 
insulated junction; 1 ,  Capillary; 
2 ,  Thermal electrodes in insulation; 
3 ,  Insulation (A1203 or 

High temperatures are ­/52

usually measured using chromel­
alumel (up to ~OOOC), platinum­
platinorodium (up to 1,300"C) o r  
tungsten - tungsten-rhenium (up 
to 2,300"C) thermocouples. The 
thermal electrodes made of tungsten 
and the alloy of tungsten with 
rhenium can operate under vacuum 
o r  in an inert gas medium. Micro-
thermocouples are made of wire 

with diameters from tenths to 

hundredths of a millimeter. The 

most common are wires with diame­

ters of 0.08, 0.1, 0.2 and 0.3 mm. 

'Thefiner the thermal electrode, 

the less durable the thermocouple,

particularly if it operates in an 

oxidizing medium, for example in 

air. Therefore, in selecting the 

diameter of the thermal electrode 

wire for high temperature thermo­

couples, one should not strive 

for extremely fine in diameters. 

In microthermocouples, the insu­

lation on the thermal electrodes 

is generally applied in the form 


of film coverings. In some cases, fine tubes of quartz, porcelain, various 
ceramics o r  glass fiber may be used as insulators. Treating of glass fiber 
insulators with organosilicate material eliminates hygroscopicity and 
improves the insulating properties. 

For high temperature thermocouples, coatings of Alundum, organosilicate 
materials and combined coatings of Alundum and organosilicate material are 
used. Depending on the design and operating conditions of the thermocouple, 
the thickness of the film coating may vary from a few tenths to a few 
hundredths of a micron. Coatings of organosilicate materials are more 
elastic and have higher electrical resistance than Alundq. They protect 
the material of the thermal electrodes from oxidation at temperatures up 
to 1,OOO"C [ 6 2 ] .  Combined coatings of Alundum and organosilicate materials 
are similar in mechanical properties to coatings of organosilicate material 
alone, but have better electrical insulation properties. 

Capillaries of stainless steel and alloys based on niobium are used as 
protective covers for high temperature microthermocouples. The most common 
dimensions of capillaries of stainless steel are 0.3 x 0 . 0 5 ;  0 . 5  x 0.1; 
0.6 0.15; 0.8 x 0.15; and 1.0 x 0 . 2  mm. In an oxidizing medium, they 
operate satisfactorily up to 8OO0C, and in an inert medium or  vacuum - up to 
1,OOO"C. Stainless steel covers made of 1Kh18~9~steel ,canbe welded easily 
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to all thermal electrodes made of chrome-nickel alloys. At temperatures 
over l,OOO"C, capillaries of niobium alloys or other heat resistant material 
should be used for the manufacture of protective covers. 

a b 6 
I 1 

l v n  
\ 
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Figure 26. Design o f  Thermocouple Leads. 

a, Lead o f  thermocouple with single electrode in cross section; 

b, Lead o f  thermocouple with two thermal electrodes in cross 

section; c, Hermetic lead for thermocouple in cover; d, Hermetic 

lead for microthermocouple without cover; 1 ,  Thermal electrode; 

2, Capillary; 3, Insulator (textolite); 4, Vinyl chloride tube;

5, Porcelain lead; 6 ,  Thermal electrode in insulation; 7, Pro­

tective cover; 8, poured insulation (A1 0 or MgO); 9, Porcelain
2 3  
stem; 10, Solder (silver or tin); 11, Chamber wall; 12, porcelain
tube; 13, Wall insulator. 


The technology of manufacture of microthermocouples is described in [59] .  

In this section we have analyzed but a few of the specific aspects of  
the measurement of temperature in experiments on heat exchange in the boiling 
of  metals, and have not touched upon general problems of measurement of 
temperature, which are discussed, for example, in [63,  641.  

Experimental Installations 

.- _ _  

Figure 27 shows the diagram of an installation used by the authors for 

the performance of experiments on heat exchange in the boiling of sodium. 

The installation consists of a working tank, the upper portion of which 

contains a condenser and moving thermocouple, while the lower portion contains 

an electron tube. -Heatingof the working tank is by silit furnace, the power

of which is adjusted by an qutotransformer. The condenser is air cooled, 
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with forced a i r .  The a i r  flow rate is adjusted by two valves i n  t h e  a i r  
l i ne ,  one of which i s  e l e c t r i c a l l y  driven. 

A t  high temperature leve ls ,  as occurs i n  experiments on heat  exchange 
during boi l ing  of metals, cooling of  t h e  condenserwith a gas ( a i r )  is more 
convenient than cooling with ordinary drop l i qu ids  (water). With gas 
cooling problems of  adjustment of t h e  heat  flow rate  are easier t o  solve.  
Cooling with a gas i s  preferable  a l so  from t h e  point  of  view of sa fe ty .  
Transfer of heat  away from a condenser (pa r t i cu la r ly  high power types) can 
a l so  be  performed using a spec ia l  l i i u i d  metal heat  t r ans fe r  agent loop o r  
a heat  pipe.  

The .level of sodium i n  t h e  working tank is  determined by a contact leve l  
meter connected with t h e  working tank according t o  t h e  p r inc ip l e  of  con­
necting vessels.  In t h e  process of  operation, t h e  pipes connecting t h e  
leve l  meter and working tank are covered with valves.  

A (cold) oxide t r a p  is provided t o  remove oxides from t h e  sodium [65, 
661. In t h e  pu r i f i ca t ion  process, t h e  sodium is pumped through t h e  t r a p  by 
an electromagnetic pump. .The content of  oxides i n  the  sodium is t e s t ed  using 
a sample co l lec t ing  d i s t i l l i n g  device [67]. 

The pr inc ip le  of operation of t he  cold t r a p  i s  based on the  decrease 
i n  s o l u b i l i t y  of  oxides o f  sodium i n  sodium with decreasing temperature. The 
minimum sodium temperature i n  the  cold t r a p  var ies  between 120 and 150°C, 
corresponding t o  an oxygen concentration i n  the  sodium of (0.5-1) . weight 
% [67]. The design of  the  cold t r a p  is  shown on Figure 28. Deeper cleansing 
of oxygen from sodium can be achieved using hot t r aps  [68]. Pur i f ica t ion  of 
sodium t o  remove oxides i n  hot t r aps  occurs due t o  the  reduction of t he  
oxides of sodium by ce r t a in  mater ia ls  (ge t t e r s ) .  For example, i n  hot t r aps
f o r  pu r i f i ca t ion  o f  sodium the  g e t t e r  might be zirconium o r  i t s  aUoy with 
t i tanium . 

Determination of t he  content of oxygen i n  sodium by vacuum d i s t i l l a t i o n  
is  based on t h e  s ign i f i can t  d i f fe rence  i n  t h e  vapor pressure of sodium and 
i t s  oxides. The content of oxygen i n  t h e  sodium is determined from t h e  
quant i ty  of oxides remaining a f t e r  evaporation of a known quant i ty  of sodium. 
The quant i ty  of oxides i s  s tudied by t i t r a t i o n .  The grea te r  t he  charge of 
sodium taken and the  less t h e  contamination i n  t h e  process o f  sampling and 
preparation f o r  ana lys i s ,  t he  higher t h e  accuracy of t he  r e s u l t s .  The 
d i s t i l l a t i o n  method can be used t o  determine concentrations of oxygen i n  
sodium between l ~ l O - ~and 5 0 1 0 - ~weight % [67]. The design of a sampler-
d i s t i l l e r  i s  shown on Figure 29. The sampler -d is t i l l e r  may have one o r  
several  cups f o r  sampling. The durat ion of one analysis  is approximately 
8 hours when a device with one cup is used, o r  2-3 hours when a device with 
four  cups i s  used. 
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Figure 27. Diagram of Installation For Investigationof Heat 
Exchange in the Boiling o f  Alkali Metals. 

1, Diffusion pump; 2 ,  Electron tube; 3 ,  Working tank; 4, Valve 
for smooth regulation of  air flow rate; 5 ,  Moving thermocouple;
6 ,  Level measuring tank; 7, Pressure transducer; 8 ,  Sampler-
distiller; 9,  Oxide cold trap; IO, Electromagnetic pump; 
1 1 ,  Loading tank; I ,  Main loop; I t ,  Gas-vacuum lines; I l l ,  Water 

1 ines 

The content of oxygen in sodium can be determined using a sample oxygen
indicator [69]. This device is less sensitive (to about 10 % oxygen by
weight) than the sampler-distiller,however can be used to rapidly (in about 
30 minutes) determine the oxygen content at a distance. The principle of 

operation of the sample oxide indicator is based on the capability of im­

purities precipitating from a solution to obstruct a cross section. The 
apparatus includes a special device with a small cross section, a heat 
exchanger f o r  cooling of the heat transfer medium, an adjusting valve f o r  
establishment of the necessary flow rate through the instrument, a flow rate 
meter and a thermocouple for  determination of the temperature of the heat 
transfer medium, The design of the sample indicator is shown on Figure 30. 
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t Sodium Out 

i n  

F i g u r e  28. Oxide Cold Trap [66] .  
1, Body; 2, Heater;  3 ,  Screen; 
4, Chip f i l l e r ;  5, Gr id ;  6, Cool­
i ng  b e l t .  

-..-
I 

F i g u r e  29. Sampler-Dist  i1 l e r  [671. 
1 ,  Valves;  2 ,  D r a i n  tube; 3 ,  Vacuum 
chamber body; 4,  Vapor s top;  5, 
Vacuum pump l i n e ;  6 ,  S t r a p  suppor ts ;
7, I n s e r t ;  8, Sample cup; 9 ,  Furnace; 
10, Thermocouple. 

F i g u r e  30. Sample Oxide I n d i c a t o r  [691. 
1,  A d j u s t i n g  v a l v e ;  2 ,  Flow r a t e  meter;  3 ,  Heat exchanger; 4, Valve 
(main) w i t h  c a l i b r a t e d  c ross  s e c t i o n ;  5, Thermocouple w e l l .  
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The methods and instruments used f o r  pu r i f i ca t ion  and t e s t i n g  of t h e  
content of impuri t ies  i n  such a l k a l i  metals as potassium and cesium have 
been developed a t  t h e  present  time t o  a considerably lesser extent than f o r  
sodium. 

In order t o  determine the  sodium pressure i n  an i n s t a l l a t i o n ,  a compen­
sa t ion  type pressure t ransducer  has been developed (Figure 31).  The sodium 
pressure within t h e  bellows is  balanced by gas pressure.  The gas pressure 

i s  measured with ordinary instruments.  

-Gas 

f Heat t r ans fe r  medium 

Figure 31. Compensation Type 
Pressure Transducer. 1 ,  Thermo­
couple sleeve; 2 ,  Body; 3 ,  Guide;
4 ,  Bellows,; 5 ,  Rubber in se r t ;  
6 ,  S p r i n g ;  7 ,  i n d u c t i o n  c o i l ;  
8 ,  Plunger. 

Equality of  t h e  pressures  can be  de t e r ­
mined by t h e  pos i t ion  of  t h e  bellows, 
which i n  tu rn  is determined by an in­
duction method. The s e n s i t i v i t y  of t h i s  
pressure transducer depends on t h e  
r i g i d i t y  of  t h e  bellows and t h e  sensi­
t i v i t y  of  t h e  device determining t h e  
pos i t ion  of t h e  bellows. The s e n s i t i v i t y  
of t h i s  transducer i s  approximately 
?r 0.5  mm Hg. 

The accuracy of determination of 
pressure by t h e  compensation method 
depends on the  s e n s i t i v i t y  of  t he  pressure 
transducer and t h e  c l a s s  of  t h e  manometer 
used f o r  measurement of  t h e  gas pressure.  

A l l  u n i t s  i n  t h e  i n s t a l l a t i o n  which 
a r e  i n  contact with sodium must be made 
of  1Kh18N9T s t a i n l e s s  s tee l .  

F i l l i n g  of t h e  working tank with 
sodium and drainage of sodium, as well 
a s  evacuation of gas from t h e  working 
tank, a r e  performed by a gas vacuum 
system with t h e  required valves and 
devices f o r  pressure measurement. 

Evacuation of t h e  tube is  performed 
by a type N-5s d i f fus ion  pump i n  combi­
nat ion with a VN-2 prevacuum pump [70 ] .  
A l l  valves  used on t h e  stand (on gas,  
vacuum and metal l i nes )  are bellows type.  

Figure 32 shows a diagram of an 
i n s t a l l a t i o n  used by t h e  authors i n  
experiments on hea t  exchange i n  t h e  
boi l ing  of  sodium, potassium and cesium. 
Using t h i s  device,  observations were 
performed of t h e  process o f  bo i l ing  using 
x-rays. The tube,  together  with t h e  

-/57 
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working tank and d i f fus ion  pump, was fastened on a p l a t e  which can be moved 
i n  t h e  v e r t i c a l  d i r ec t ion  by an e l e c t r i c  motor. The x-rays generated by t h e  
tube passed through t h e  working tank and s t r i k e  t h e  screen of an e lec t ronic- /58
op t i ca l  converter (E .O .C . ) .  Displacement of t h e  i n s t a l l a t i o n  allows var ious __ 
sec tors  through t h e  height of t h e  working tank t o  be  i r r ad ia t ed ,  t h e  E.O.C. 
screen showing a sec to r  only approximately 70 mm i n  diameter. The working 
tank is f i l l e d  with t h e  hea t  t r ans fe r  medium d i r e c t l y  from a s t i l l ,  which is 
then disconnected. The design o f  t h e  tube and moving thermocouple used i n  
t h i s  i n s t a l l a t i o n  is s imi l a r  t o  designs described above. 

. 
c 


Figure 32. Diagram of Ins ta l la t ion  fo r  Investigation of Heat Exchange
During Boiling o f  Metals Using X-Rays. 1 ,  Gas tank; 2 ,  Electron t u b e ;  
3 ,  X-ray tube; 4, Furnace of working tank; 5 ,  Vapor condenser; 6 ,  Moving 
thermocouple; 7 ,  Non-moving thermocouple; 8,. Evaporation tank; 9 ,  Work­
ing  tank; 10, Electronic-optical  converter ( E . O . C . ) ;  1 1 ,  Cooling b e l t ;  
12, 13, Pressure transducers;  1 4 ,  Prevacuum pump; 15, Diffusion pump. 
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Figure 33 shows t h e  design of t he  ­/ 5 9
working tank with condenser. The working 
tank is a t h i n  wall  tube lwal l  thickness 
1 mm). The t h i n  wall  is  required t o  pro­
duce a b e t t e r  image of t h e  boi l ing .  A 
vapor condenser is  fastened above t h e  tank, 
cooled by compressed a i r  moving through a 
s p i r a l  l i n e .  The working tank i s  sur­
rounded by a furnace with s i l i t  heating 
elements. Type "u l t ra  lightweight" br ick  
i s  used a s  t h e  hea t  i n su la to r ,  s ince  it 
has low dens i ty  and a t tenuates  t h e  x-rays 
only s l i g h t l y .  

As t h e  x-rays pass  through t h e  medium, 
they a r e  a t tenuated by absorption and 
sca t t e r ing  [71]. The in t ens i ty  of t h e  
beam of  homogeneous x-rays passing through ­/60 
a s e c t o r  of  t h e  medium of thickness A can 
be calculated from t h e  formula 

where I
PO 

is  t h e  i n t e n s i t y  of  t he  incident 

ray;  I
P 

i s  t h e  i n t e n s i t y  of t h e  rays pas­

s ing through t h e  sec to r  of  medium of thick­
ness A ;  6 is  t h e  l i n e a r  a t tenuat ion co­
e f f i c i e n t .  

The at tenuat ion coef f ic ien t  can be 
r e l a t ed  t o  a un i t  mass of  t h e  mater ia l .  
In t h i s  case,  it i s  ca l led  t h e  mass 
at tenuat ion coef f ic ien t  tM. The mass 
at tenuat ion coef f ic ien t  depends on t h e  wave 
length of t h e  x-rays and the  atomic number 
of  t h e  mater ia l  through which t h e  x-rays 
pass.  

F i g u r e  33.  Working Tank and Condenser 
of In s t a l l a t ion  f o r  Investigation of-Heat 
Exchange by X-Rays During Boiling o f  Metals. 
1 ,  Cooling b e l t ;  2 ,  Cup w i t h  f l oo r ;  3 ,  
Working tank; 4 ,  Moving thermocouple;
5 ,  Non-moving thermocouple; 6 ,  Vapor 
condenser. 



Bremsstrahlung has  a continuous spectrum of  wave lengths.  The spectrum
has a sharp boundary on t h e  shor t  end. The minimum wave length of Brems­
strahlung Xpmin depends on t h e  vol tage accelerat ing t h e  electrons i n  the  
x-ray tube.  The value of A p  min can be  determined from t h e  formula 

(I  .47) 

In  formula (I .47) ,  t h e  wave length X p  min is expressed i n  angstroms, t h e  
anode vol tage of  t h e  x-ray tube Ua i n  k i lovo l t s .  

The r a t i o  of  a t tenuat ion of  x-rays passing through a l iqu id  and through 
a vapor f o r  an iden t i ca l  d i s tance  w i l l  be proport ional  t o  t h e  r a t i o  of mass 
a t tenuat ion  coe f f i c i en t s  f o r  t h e  l i qu id  and vapor, which is equal t o  y/y". 

The q u a l i t y  of  t h e  image of t h e  boi l ing  w i l l  depend on t h e  following
main f a c t o r s .  

1. On changes i n  t h e  degree of a t tenuat ion  of  t h e  x-rays passing 
through t h e  medium resu l t i ng  from t h e  vapor phase. In t h i s  case,  a t tenuat ion 
occurs i n  t h e  hea t  insu la t ion ,  wal ls  of  t h e  tank,  l i qu id  and vapor. The 
less t h e  a t tenuat ion  of  t h e  x-rays by t h e  heat insu la t ion  and walls of t he  
tank, t h e  clearer t h e  image w i l l  be.  Therefore, one should s t r i v e  f o r  
minimum wall thickness  of t h e  tank, minimum insula t ion  layer  thickness ,  and 
t h e  mater ia l s  f o r  tank and insu la t ion  should be se lec ted  (from among those 
mater ia l s  s a t i s fy ing  t h e  other  requirements of t h e  experiment) with minimum 
value of  5 .  It  is des i rab le  t h a t  t he  thickness of the  layer  o f ' l i qu id
through which t h e  x-rays'pass be  comparable t o  t h e  dimensions of t he  vapor 
volumes a r i s i n g  i n  i t .  

2 .  On t h e  hardness of t h e  x-rays. The degree of contrast  of an image 
depends on t h e  r a t i o  of i n t e n s i t i e s  of x-rays i n  var ious sec tors  of t h e  
E.O.C. o r  photographic f i l m .  The r a t i o  of i n t e n s i t i e s  of x-rays I*  passing

P 
through t h e  layer  of l i qu id  containing vapor space with a dimension i n  the  
d i r ec t ion  of  movement of  t h e  rays of A * ,  t o  f h e  i n t e n s i t y  of x-rays I*

P 
passing through t h e  same layer  of  l iqu id  but without t h e  vapor space can be  
approximately expressed as : ­/61 

( I  .48) 

The grea te r  t h e  r a t i o  I*/I  P' 
t h e  more cont ras t  t he  image w i l l  have. The

P 
value of  ZA5* f o r  a given l i qu id  and a given value of  A* depends only (where 
y/y" >> 1) on t h e  wave length of t h e  x-rays, s ince  5 m A 3P Z3 [71], where Z 

i s  t h e  atomic number of  t h e  material. Consequently, t h e  s o f t e r  the  x-rays,  
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t h e  more cont ras t  t h e  image w i l l  have. A t  t he  same time, t h e  rad ia t ion  
i n t e n s i t y ,  which is  proport ional  t o  t h e  anode current and t h e  square of  t h e  
anode vol tage i n  t h e  x-ray tube,  should be s u f f i c i e n t  f o r  t h e  production of 
a good q u a l i t y  image. I t  is therefore  des i rab le  t h a t  t h e  anode voltage i n  
t h e  tube be minimal ( for  considerations of  con t r a s t ) ,  and t h a t  t he  anode 
current  be maximal. We should a l s o  r e c a l l  t h a t  t h e  in t ens i ty  of x-rays 
decreases i n  inverse proportion t o  t h e  square of t h e  d is tance  from t h e  
anode of t h e  tube. 

3 .  On t h e  equipment use. The resolving capaci ty  of  t h e  electronic-
op t i ca l  converter should be maximal, and t h e  focus of t h e  x-ray tube should 
have t h e  minimum dimensions. For example, i n  our experiments we used an 
x-ray tube with a focus of 5 mm and a current o f  5 ma. The vol tage on t h e  
tube is continuously ad jus tab le  ( to  150 kv). 

The i n s t a l l a t i o n s  which we have analyzed, with t h e  proper design of 
individual  u n i t s  and se l ec t ion  of mater ia l s ,  can be  used f o r  invest igat ion 
of heat  exchange i n  t h e  bo i l ing  of  var ious metals. 

. .Preparation of Ins t a l l a t ions .  Performance o f  Fxp-nts a d  lnrtial 
Processinq of Experimental Data 

Safety T e c h n i q u e s  

Rooms i n  which i n s t a l l a t i o n s  containing a lka l i  metals a r e  located,  i n  
addi t ion t o  t h e  usual  norms f o r  s an i t a t ion  and e l e c t r i c a l  s a fe ty ,  must 
s a t i s f y  ce r t a in  spec ia l  requirements. Let us d iscuss  these  requirements 
b r i e f ly .  

In s t a l l a t ions  containing a l k a l i  metals should be placed i n  separa te  
rooms - so-called boxes. The heat ing l i nes ,  b a t t e r i e s  and water l i nes  i n  
t h i s  room should be welded, without f i t t i n g s .  F i t t i ngs  can be placed i n  a 
neighboring room. A i r  l i n e s ,  i n  order  t o  avoid condensation of moisture 
from the  a i r  on them, should be heat  insu la ted ,  The room should have both 
intake and exhaust ven t i l a t ion .  The e l e c t r i c a l  l i n e s ,  both power and l i g h t  /62
l ines ,  should be placed i n  gas pipes o r  f l e x i b l e  metal hoses. 

The s torage of l i qu ids  containing ha l ide  subs t i tu ted  hydrocarbons i n  the  
room o r  t h e  washing of a l k a l i  metals with these  hydrocarbons is  ca tegor ica l ly  
forbidden, s ince  powerful explosions may occur. The f l o o r  should be metal 
o r  t i l e .  Metal bases should be placed beneath t h e  e n t i r e  i n s t a l l a t i o n  and 
a l l  i t s  p a r t s ,  i n  case of  accidental  sp i l l age  of  t h e  a l k a l i  metal. 

Rooms i n  which work is  performed with a l k a l i  metals should have t h e  
following f i r e  extinguishing equipment: dry sand o r  soda i n  metal boxes, 1 kg
sand per  1 square meter of f l oo r  area;  asbestos blankets ,  shovels and scoops. 
The f i r e  f igh t ing  equipment should be located i n  f r e e ,  accessible  areas .  

When working with melted a l k a l i  metals,  laboratory workers should wear 
s u i t s  made of chrome l ea the r  o r  canvas, caps of chrome l ea the r  and gloves 
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of canvas o r  chrome l ea the r ,  s a fe ty  g lasses  o r -p ro tec t ive  masks. The 
clothing should be .strong, dry and clean, should be easy t o  fas ten  and 
remove. In case of  an accident or f i r e  i n  the  a l k a l i  metal, servicing 
personnel should be provided with gas masks o r  r e sp i r a to r s  t o  pro tec t  t he  
resp i ra tory  t r a c t .  

Work i n  wet o r  o i l y  clothing is forbidden. 

I f  t he  a l k a l i  metal leaks from the  i n s t a l l a t i o n ,  it w i l l  i g n i t e  
spontaneously. The center  o r  zone of  t he  f i r e  w i l l  depend on the  quant i ty
of metal s p i l l e d .  Hot a l k a l i  metal with a small burning area  can be limited 
by a sand (or  soda) b a r r i e r  ( i n  case the  metal s p i l l s  on the  f loor )  then 
covered by pouring sand o r  soda. In  case t h e  metal s p i l l s  and ign i t e s  over 
a large a rea ,  t h e  f i r e  can he put out with an i n e r t  gas by spraying it through 
a f l e x i b l e  hose on t o  t h e  hot metal. However, t h i s  method o f  f i r e  extinguish­
ing requi res  t h a t  t h e  room be well sealed and requi res  g rea t  amounts of  the  
i n e r t  gas. In case of  s p i l l a g e  of a small quant i ty  of  a l k a l i  metal, i f  t he  
f i r e  center  does not threaten the  equipment, room, e t c . ,  it is bes t  t o  simply 
l e t  it burn, taking no measures t o  put it out .  In case of  f i r e ,  t he  intake 
and exhaust ven t i l a t ion  should be turned o f f ,  i n  order t o  l i m i t  t he  input of 
f resh  a i r  (oxygen) t o  the  room. Extinguishing a l k a l i  metal f i r e s  with 
carbon dioxide extinguishers i s  forbidden, s ince  the  high pressure of t he  
carbon dioxide spray may s c a t t e r  the  metal. After the  f i r e  has been put ou t ,  
the  room must be cleaned. The room is ven t i l a t ed ,  t h e  remains of t h e  a l k a l i  
metal a r e  picked up and destroyed, t he  wal l s ,  f l o o r  and equipment are washed 
t o  remove the  oxide f i l m .  

When a f i r e  i s  put out o r  i n  case the  a l k a l i  metal i s  s p i l l e d ,  it i s  /63-
possible t h a t  some a l k a l i  metal spray may f a l l  on one of t h e  workers. If 
l iquid a l k a l i  metal s t r i kes  the  body, it should be removed as rap id ly  as 
possible,  f o r  example with a dry piece of cotton. The burned area.  should 
be washed with a 5% solu t ion  of a c e t i c  acid.  I f  t he  clothing catches f i r e  
and l iqu id  a lka l i 'meta l  penetrates t o  the  body, the  clothing must be removed 
as  rapidly as  poss ib le ,  then the  metal must be carefu l ly  removed from the  . 
body. The damaged area should be carefu l ly  washed with a stream of water, 
with subsequent neu t r a l i za t ion  of t he  a l k a l i  with ace t i c  acid.  In case the  
metal, and a l k a l i  spray or metal oxides en te r  t he  eyes, they must be 
immediately washed with pure water over a fountain eye washing device, then 
subsequently neutral ized with a 1%solu t ion  of bo r i c  acid.  Vessels contain­
ing so lu t ions  of a c e t i c  and bor ic  acid should be kept handy. The so lu t ions  
of ace t i c  and b o r i c  acid should be replaced each 15 days. 

When working with mercury, t he  sa fe ty  ru l e s  must be ca re fu l ly  followed 
due t o  i t s  t o x i c i t y .  The f loo r s  of t he  room i n  which a mercury i n s t a l l a t i o n  
is  located should be covered with p l a s t i c  with fused seams. A t  t he  walls, 
the  edges of  t he  p l a s t i c  should tu rn  up hy approximately 100 mm and be f i t t e d  
f lush  t o  t h e  wall .  The f l o o r  over which t h e  p l a s t i c  is  l a i d  should be f l a t  
and smooth, without cracks. The wal l s ,  windows and doors should be painted 
with an o i l  base pa in t .  The room should have in take  and exhaust ven t i l a t ion .  
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The lowest possible  temperature should be maintained i n  t h e  room, s ince  t h e  
concentration of mercury vapor i n  t h e  room can increase sharply with in­
creasing temperatures. 

The a i r  i n  t h e  room should be analyzed for mercury vapor content.  To 
perform t h i s  analysis ,  r eac t ive  paper is  placed i n  several  areas  about t h e  
room. If mercury vapor i s  present ,  t h e  paper w i l l  t ake  on a pink color ,  t h e  
time required f o r  t h e  colorat ion t o  begin depends on the  concentration of 
mercury i n  t h e  room. 

In case mercury is  s p i l l e d  or i f  t h e  concentration o f  mercury vapor i n  
t h e  room rises above the  maximum permissible concentration (norm 0.01 mg/m3), 
t h e  room must be cleaned. Vis ib le  drops of  mercury can be col lected using 
amalgamated metal p l a t e s  ( t i n  p l a t e ,  copper, e t c . )  a vacuum cleaner ,  rubber 
bulb or water j e t  pump. After t h i s ,  t he  f l o o r  of  t h e  room i s  flooded with a 
10%solu t ion  of fe r rous  chlor ide,  brushed carefu l ly  several  times and le t  
stand for 5-6 hours. Then t h e  fe r rous  chlor ide so lu t ion  i s  removed from the  
f l o o r  and it is washed several  times with a soap so lu t ion ,  then with pure 
water. After completion of t h e  washing cycle ,  t h e  walls and ce i l i ng  a re  
washed with hot soapy water. 

Several days a f t e r  t h e  room i s  washed, a t e s t  analysis  of t h e  a i r  must 
be performed. If mercury concentrations above t h e  l imit ing permissible a re  
discovered, t h e  room should be cleaned again. 

Preparation of Heat Transfer Metal and Its Placement i n  Ins ta l la t ion  
. - - - ._ .. -. 

Such a l k a l i  metals as sodium and potassium a r e  received from t h e  
chemical plant  e i t h e r  i n  t i n ,  sealed cans or i n  spec ia l  containers.  

Opening of t h e  cans ( t h e i r  capacity is  approximately one l i t e r )  should 
be performed i n  a spec ia l ly  prepared room. A l l  unnecessary flammable l iqu ids  
and mater ia ls  a r e  removed from t h e  room, and t h e  presence of t h e  required 
f i r e  extinguishing equipment is checked. A metal t a b l e  o r  she l f  is placed i n  
t h e  room, on which the  cans a r e  opened. The room should a l so  contain cans of 
t h e  wash l iqu id  - kerosene; cans fo r  a l k a l i  metal waste; f i l t e r  paper or dry 
rags;  a ch i se l ,  kn i fe ,  p l i e r s  and wire brush. The vessels  and too l s  should 
be washed and thoroughly dr ied .  

After t h i s ,  t he  cans with a l k a l i  metals a r e  opened. Before opening, t h e  
cans a r e  ca re fu l ly  inspected. Cans with dents  and cracks i n  t he  walls and 
seams, with bent wal ls  or bottom and clear t r aces  of  corrosion a r e  considered 
defect ive.  Defective cans are not opened. 

A can is placed v e r t i c a l l y  on t h e  t a b l e  and a solder ing i ron  is used t o  
unsolder t h e  top cover, t h e  v e r t i c a l  s ea l  is opened with t h e  cu t t ing  p l i e r s ,  
usual ly  lubricated with o i l .  The chunks of  metal a r e  removed from t h e  can 
and the  pro tec t ive  lubricant  is removed with t h e  wire brush under a layer of 
kerosene i n  t h e  prewashing container.  Then t h e  metal is wrapped i n  t h e  f i l t e r  
paper or dry rag.  After t h i s ,  t h e  metal i s  washed with kerosene i n  the  
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secondary washing container,  again dr ied  with f i l t e r  paper or dry rag and 
placed i n  t h e  melting tank, i n t o  which i n e r t  gas flows constantly (argon o r  
nitrogen).  After t h i s ,  t h e  next can with a l k a l i  metal can be opened. 

Upon completion of  washing and placement of  t h e  a l k a l i  metal i n  t h e  
melting tank, t h e  tank is sealed and t h e  i n e r t  gas i s  placed i n  it. Tanks 
with kerosene, empty cans, used f i l t e r  paper o r  rags are taken t o  t h e  a rea  
where a l k a l i  metal i s  destroyed and burned. The tanks and too l s  are ca re fu l ly  
washed with steam, then water and dr ied .  The f loo r s  of t he  room i n  which 
t h e  a l k a l i  metal was cleaned are carefu l ly  inspected and washed with a w e t  
mop. 

Before t r a n s f e r  of t he  a l k a l i  metal t o  t h e  loading tank, preliminary 
pu r i f i ca t ion  of  t h e  metal must be performed t o  remove kerosene and t h e  pro­
t e c t i v e  lubr icant .  This pur i f i ca t ion  is  performed by d i s t i l l a t i o n  of  t h e  
kerosene and lubr icant  vapors. The metal is heated t o  about 150-200°C with 
continuous evacuation of t h e  melting tank with a vacuum pump f o r  several  /65-
hours. After t h i s ,  t h e  metal can be pressed from the  melting tank i n t o  t h e  
loading tank. The pressing should be performed through a f i l t e r ,  which 
allows insoluble impurit ies t o  be removed from t h e  metal. F i l t e r  mater ia l s  
used include porous s in t e red  metals and pressed f i l t e r s  made of chips of 
varying dens i ty .  S t a in l e s s  s t e e l  is most commonly used f o r  the  manufacture 
of f i l t e r s .  The temperature of t h e  metal during f i l t r a t i o n  should not be 
over 120°C. 

The usage of containers with a l k a l i  metals s ign i f i can t ly  decreases t h e  
time required t o  load t h e  i n s t a l l a t i o n  with metal i n  comparison with the  
usage of metal from cans. In  t h i s  case,  t h e  r a t h e r  cumbersome operation of  
preparation of t h e  metal i s  eliminated. The metal can be eas i ly  t ransfer red  
from t h e  container using an i n e r t  gas i n t o  t h e  loading tank. 

The more expensive a l k a l i  metals, cesium and rubidium, a r e  usually 
delivered i n  g l a s s  sealed ampoules containing from a few tens  t o  a few 
hundreds of grams of t h e  metal. Removal of t he  metal from the  ampoules and 
loading of t h e  metal i n t o  the  tanks of t h e  i n s t a l l a t i o n ,  and hermetic 
sealing of t h e  tanks should be performed i n  an atmosphere of pur i f ied  i n e r t  
gas (argon o r  helium) i n  a sealed chamber equipped with inspecting windows 
and rubber gloves. 

F i l l i n g  of t h e  i n s t a l l a t i o n  should be performed with d i s t i l l e d  a l k a l i  
metal. The d i s t i l l a t i o n  should be performed a t  a temperature corresponding 
t o  a s a tu ra t ion  vapor pressure of not over a few mill imeters of mercury. 

- _. Performance of ExperimentsPreparation of t h e  In s t a l l a t ion  and.~ 

Newly manufactured u n i t s  of an i n s t a l l a t i o n  must be washed. If they are 
made o f ,  f o r  example, lKh18N9T s t e e l ,  washing can be performed as follows. 

F i r s t  t he  u n i t  i s  washed with a 0.1% solu t ion  of potassium permanganate 
(KMn04) and a 1%solu t ion  of a l k a l i  (NaOH) (held at  approximately 90°C f o r  
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one hour). Washing with hot  water i s  performed, then a 1%solu t ion  of 
oxa l i c  acid is poured i n  (and held at  a temperature of about 90°C �or one 
hour). After t h i s ,  it is washed with water and f i l l e d  with a so lu t ion  of  
hydrozene (5 mg i n  1 l i t e r  water).  Then t h e  un i t  i s  f i n a l l y  washed with 
water and dr ied .  

Before performance of experiments, t h e  tes t  stand must be washed ( t e s t  
stands f o r  a l k a l i  metals are washed with ethyl alcohol) and checked f o r  good 
sea l ing .  The working sec to r s  should be checked i n  experiments with water 
before experiments with t h e  metal are performed, and t h e  r e s u l t s  produced 
should be compared with those f o r  similar i n s t a l l a t i o n s .  The correspondence 
of  t h e  r e s u l t s  i s  a good guarantee t h a t  no e r ro r s  have been introduced t o  166-
t he  method and t h a t  t h e  s e c t o r  is i n  good working order.  

Before f i l l i n g  the  i n s t a l l a t i o n  with metal, i t  is heated (usually t o  a 
temperature 200°C h i  h e r  than the  melting point of t h e  hea t  t r a n s f e r  agent) 
and evacuated a t  10-f-10-2 mm Hg. I f  t he  i n s t a l l a t i o n  c a l l s  f o r  pu r i f i ca t ion  
of  t he  metal of impur i t ies  ( in  p a r t i c u l a r  oxides) and checks of t h e i r  con­
t e n t ,  t he  metal should be pu r i f i ed ,  while t e s t i n g  t h e  content of impurit ies.  
The content of impur i t ies  should be determined a f te r  performance of t h e  
experiments as well. 

The required temperature (pressure) of t h e  heat t r a n s f e r  medium is 
established using t h e  furnace and the  temperatures are measured, including 
measurement of t h e  temperature f i e l d  using t h e  moving thermocouple with no 
load on t h e  working sec to r .  

In experiments on hea t  t r a n s f e r ,  t h e  temperature of  t h e  l i qu id  and vapor, 
temperature f i e l d ,  temperature difference between wall and l i qu id ,  pressure 
and power applied t o  the  working sec to r  a r e  measured. 

Experiments on heat t r a n s f e r  are usual ly  performed with a constant 
temDerature (pressure) of t h e  l i qu id ,  while changing t h e  value of t h e  heat 
flow. Then the  furnace is used t o  e s t ab l i sh  a new temperature l eve l ,  e t c .  

The c r i t i c a l  heat flows are determined from t h e  jump i n  temperature of 
t h e  heating wall. Crisis may be produced by increasing t h e  heat load ( in  
small doses - 1-2% with flows near c r i t i c a l )  a t  constant pressure o r  by 
smooth decrease i n  pressure with constant heat load. A t  t h e  moment of t he  
crisis, t h e  vapor pressure o r  temperature must be measured i n  the  working 
tank . 

I n i t i a l  Processing o f  Experimental Data 
~ ~ .. ~.. .  _ _  - -

The heat f luxes  are usual ly  determined from t h e  power fed t o  t h e  working 
sec to r .  In ca lcu la t ing  heat flows, one should consider t h e  change i n  area 
of t he  working sec to r  due t o  thermal expansion. For example, when a stainless 
s t e e l  sec tor  is heated t o  8OO0C, i t s  l i n e a r  dimensions increase by approxi­
mately 1.5%, i t s  area by approximately 2 . 3 %  i n  comparison t o  t h e  dimensions 
at  room temperature. 
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The heat  t r a n s f e r  coe f f i c i en t  can be determined from t h e  formula 

cv. = q/At , .  ( I .  49) 

The temperature head between t h e  surface and l i qu id  A t a  is determined from 
t h e  wall-l iquid temperature differences measured i n  t h e  experiment consider­
ing correct ions f o r  t h e  temperature drop i n  t h e  heat t ransmit t ing wall. In 
t h i s  case, when s i g n i f i c a n t  pulsat ions .of t h e  temperature difference between 
w a l l  and l i q u i d  occur, A t a  is defined as the  mean i n t e g r a l  of t h e  temperature ­/67 
head with respect  t o  time 

.r 

0 '  
(1.50) 

The time i n t e r v a l  T during which t h e  determination is  performed is  usual ly  
several  minutes. 

cdncl us ions 

1. In experiments on heat exchange during bo i l ing ,  it is  necessary t o  
be ab le  t o  produce g rea t  hea t  flows (on t h e  order t o  l o 6  kcal/m2-hr and 
more) both f o r  i nves t iga t ion  of c r i t i c a l  heat flows and f o r  i nves t iga t ion  
of t h e  dependence of heat  t r a n s f e r  coe f f i c i en t  on hea t  flow. Invest igat ion 
of heat  exchange during b o i l i n g  of metals under conditions of f r e e  convection 
can be performed using heat ing of t he  working s e c t o r  by passage of an 
e l e c t r i c a l  current  through an insulated conductor o r  by e l ec t ron ic  heating. 
The usage of r e f r a c t o r y  metals i n  combination with e l e c t r o n i c  heating as t h e  
heat wall material makes it possible  t o  expand t h e  range of i nves t iga t ions  
of heat t r a n s f e r  and t h e  c r i t i c a l  h e a t '  flows as the-metals  b o i l .  

2 .  When l i q u i d s  b o i l ,  including metals,  t h e  heat  t r a n s f e r  c o e f f i c i e n t s  
a r e  high, so  t h a t  t h e  experiments must be performed with r a t h e r  high accuracy 
of determination of t h e  temperature of t he  heat ing surface.  In experiments 
on t h e  heat exchange during bo i l ing  of metals under f r e e  convection conditions 
t h e  p r inc ipa l  method of determining t h e  temperature of t h e  heating surface i s  
measurement of t h e  temperature by thermocouples imbedded i n  t h e  wall. The 
g rea t e s t  accuracy i s  provided by placement of thermocouples with r e l a t i v e l y  
small dimensions ( f r ac t ions  of a mill imeter) i n  a metal with high heat con­
d u c t i v i t y  ( for  example, i n  copper). 

3 .  In order  t o  produce more complete information on t h e  process i n  
i n s t a l l a t i o n s  f o r  t h e  inves t iga t ion  of heat exchange during b o i l i n g  of metals, 
it is des i r ab le  t o  provide m6ving thermocouples f o r  measurement of t he  
temperature f i e l d  i n  t h e  l i q u i d  and vapor, t o  make it poss ib l e  t o  observe t h e  
process of bo i l i ng  and its photographing, and a l s o  t o  provide systems f o r  
p u r i f i c a t i o n  of t h e  metal of impuri t ies  and check t h e  content of impuri t ies .  
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Ins t a l l a t ions  designed f o r  an inves t iga t ion  of heat  exchange during boi l ing  
of  metals under free convection conditions a r e  simplest  and most convenient 
i n  operation (from t h e  standpoint of  regulat ion)  i f  constructed with gas ( a i r )
cooling of t he  condenser. 

4 .  In connection with the  p o s s i b i l i t y  of  exis tence of  var ious heat 
removal modes (convection, with developed and unstable  bo i l ing ) ,  character­
ized by various pulsat ions of heat ing wall temperature, super heating of t h e  
l i qu id ,  e tc . ,  and a l so  i n  connection with the  p o s s i b i l i t y  of  t r a n s i t i o n  from 
one heat removal mode t o  another a t  constant pressure and thermal loadings, 
i n  experiments on heat  exchange during boi l ing  of metals it is  expedient t o  
perform continuous recording of  t h e  l iqu id  temperature (and vapor tempera­
tu re )  and t h e  temperature d i f fe rence  between t h e  heat ing wall and t h e  l iqu id .  
For t h i s  same reason, i n  order  t o  determine t h e  temperature head between the  
heating surface and t h e  l iqu id  it is preferable  t o  measure t h e  temperature 
d i f fe rence  between t h e  wall and t h e  l i qu id ,  not t h e  temperature of t h e  
heating wall and t h e  l i qu id  separa te ly .  In  t h e  process of experimentation, 
a t  high temperatures, thermocouples may s l i g h t l y  change t h e i r  ca l ib ra t ion  
curve; therefore ,  comparison of t h e  indicat ions of thermocouples (ca l ibra t ion)  
used t o  determine t h e  temperature head between the  heating surface and 
l iqu id  should be performed per iodica l ly .  This requi res  t h a t  t h e  f i e l d  of 
temperatures i n  t h e  l i qu id  be known, which can be measured, f o r  example, by 
a moving thermocouple. 

In s t a l l a t ions  with l iqu id  metal heat t r ans fe r  medium can only be placed 
i n  rooms modified f o r  t h i s  purpose. When working with l iqu id  metals,  t h e  
safe ty  r u l e s  must be ca re fu l ly  observed both during preparat ion f o r  and 
performance of experiments, and during dismounting of t h e  i n s t a l l a t i o n  o r  
i t s  individual pa r t s .  
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CHAPTER 2 /69 
HEAT TRANSFER 

Heat removal modes involved i n  evaporation under conditions of f r e e  con­
vection a r e  i l l u s t r a t e d  on Figure 34. In  area of I t he  heat from t h e  hea t ­
ing surface is  removed by convection with s l i g h t  super heating of t h e  l iqu id  
on t h e  heating sur face ,  and is  removed by evaporation from t h e  f r e e  surface.  
Subsequently, t h e  curve goes over smoothly i n t o  t h e  a rea  of bubble bo i l ing  
1 1 .  The area of bubble bo i l ing  can be developed i n  two sec to r s .  The sec to r  
with low densi ty  of ac t ive  centers of  vapor formation 1 1 ,  a ,  where t h e  
in t ens i ty  of heat exchange depends s i g n i f i c a n t l y  on convection, and t h e  
sec to r  of developed bo i l ing  1 1 ,  b ,  where t h e  i n t e n s i t y  of heat exchange i s  
determined by t h e  bubble bo i l ing .  

In t h e  a rea  of t h e  t r a n s i t i o n a l  mode 1 1 1 ,  bubble and f i l m  bo i l i ng  occur. 
Experimentally, a rea  I 1 1  can be rea l ized  under the  condition A t  = const ( for  
example, when heating i s  performed by sa tura ted  vapor). 

The a rea  of s t a b l e  f i l m  boi l ing IV can be a r b i t r a r i l y  divided i n t o  two 
sec to r s .  Sector IV, a ,  where the contribution o f  rad ia t ion  t o  heat t r ans fe r  
is  negl ig ib le ,  and sec to r  IV, b ,  where heat t r a n s f e r  by rad ia t ion  i s  
e s s e n t i a l .  The pos i t i on  of t h e  boundary a rea  between sec to r s  IV, a and I V ,  b 
w i l l  depend on t h e  leve l  of t h e  sa tu ra t ion  temperature, which d i f f e r s ,  f o r  
example, f o r  a l k a l i  metals and non-metallic l i qu ids ,  and t h e  temperature 
head, s ince  the  heat flow re su l t i ng  from rad ia t ion  i s  proportional t o  the  
absolute temperature i n  the  four th  power. 

However, t h e  process of heat removal may occur not only along curve 
ABCDE. Two o ther  heat removal modes are poss ib le :  heat removal by convection 
with s ign i f i can t  overheating of t he  l iqu id  a t  t he  heating surface (area V )  
and heat removal with unstable  bo i l ing  (area V I ) .  

F i l m  bo i l ing  may begin with small temperature heads and the  process of  
heat removal may correspond t o  the  l i n e  B"DE. With small A t  (area of point 
B"), some increase i n  t h e  i n t e n s i t y  of  heat removal occurs i n  comparison t o  
convective heat exchange. 

Line BK, corresponding t o  heat removal by convection with subsequent heat 
removal by evaporation from t h e  f r e e  surface,  can be located e i t h e r  c lose r  t o  
t h e  l i n e  of bubble bo i l ing  o r  f a r t h e r  from i t ,  depending on t h e  type of t he  
l i qu id ,  pressure leve l  and design of t h e  hea ter .  With high temperature heads, 
t r a n s i t i o n  from convection t o  bo i l ing  occurs not smoothly, as between areas 
I and 1 1 ,  but suddenly. 

Theoretically,  t h e  upper boundary of  superheating of t he  l i qu id  (point
K on Figure 34) is  determined by spontaneous formation of vapor seeds within 
t h e  volume of t he  l i qu id .  Usually, with a s o l i d  heating sur face ,  t h e  super 
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Figure 34.  Heat Removal Modes During Vapor Formation Under Conditions 
of Free Convection. 

I ,  Heat removal by convection with small At; 1 1 ,  Heat removal with 
bubble boiling; I I  a, With.10~density of active centers of vapor
formation; I I  b, With high density of active centers of vapor for­
mation (developed boiling); I I I ,  Heat removal with transitional 
boiling; I V ,  Heat removal with film boiling; I V  a, Contribution of 
heat radiation small; IV b, Contribution of heat radiation large; 
V, Heat.remova1 by convection with high At; VI, Heat removal by
unstable boiling. Arrows represent possible sudden transitions 
from one mode of heat removal to another. 


heating of the liquid is considerably less for spontaneous vapor formation. ­/71
The value of the heat flow at point K depends on the values of the temperature
head and coefficient of heat t.ransferfor this point. The heat flow at point
K may be either higher o r  lower than the thermal load corresponding to 
transition from bubble boiling to film boiling. 

The process of unstable boiling corresponds to line B’C’, which is 

located between lines BK and BC. Depending on the concrete conditions, the 

intensity of heat removal with unstable boiling may approximate the intensity

of heat removal with developed boiling or with convection. Transition from 

one mode of heat removal to another may occur not only smoothly, but suddenly.

We will analyze below possible sudden transitions with two boundary conditions 
q = const and At = const. 

1. q = const. With a heat flow corresponding to the first critical 
load (point C on Figure 34) ,  sudden transition occurs fromsucleate boiling to 
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film boiling (transition of type C + E), while with a heat flow corres­
ponding to the second critical load (point D), a transition from film 
boiling to nucleate boiling occurs (transition type D + F). 

Also, transition from unstable boiling to film boiling (transition type 
C '  + E') is possible. If boiling begins along line BK at a certain point 
G ,  either developed (transition type G + 0) or unstable (transition type 
G + L) boiling may occur, and film boiling (transition type G + N) is also 
possib1e. 

If boiling starts with a heat flow above the first critical load, film 

boiling should occur. The transition to film boiling may also occur with 

heat flows below the first critical load (up to point J). However, this 

problem requires experimental checking. 


In turn, transitions are possible from developed boiling to unstable 
boiling (transition type 0+ L) and to convection (transition type 0 + G ) ,  
as well as from unstable boiling to developed boiling (transition type
L + 0 )  or  to convection (transition type L -+ G ) .  

Usually, transitions from developed boiling to unstable boiling in con­

vection, as well as from unstable boiling to convection occur when the 

heat flows decrease, while the transition from unstable boiling to developed

boiling occurs when the heat fltws increase. 


The existence of transitions types C -+ E and D + F has been well con­
firmed. Transitions type C '  + E', G 2 0,LZ G and 0 % L have been observed 
in our experiments on sodium, potassium and cesium, while transitions type 
G + L and G -+ 0 have occurred in experiments with water and organic fluids 
described, for example, in [72-751. The transition to film boiling from 
convection has been achieved in experiments with organic fluids, for example
in [97]. 

2 .  At = const. In this case, the transitions from convection to devel- /72
oped boiling (transition type G -+ P) and unstable boiling (transition type 
G -+ M) are possible. We can expect the existence of transitions type

P t M, P + G ,  M -t P and M -+ G as well. The transition boundary from con­

vection to developed boiling with At = const will be the point corresponding 

to the temperature head at the crisis. With higher temperature heads, 

boiling will result in transitional or possibly unstable boiling. The transi­

tion from transient boiling to convection is also possible in principle,

since a vapor film is unstable during transitional boiling. If transitions 

of the type C + E, C '  + E'; D + F; G 2 L; G 2 0 and 0 Z L, that is transitions 

with q = const, are observed experimentally, the possibility of these transi­

tions with At = const still requiresexperimental checking. 


We should note that Figure 34 reflects only the qualitative possibilities
of heat removal modes during vapor formation under conditions of free con­
vection. For  example, the positions of lines BC and B'C' may change for a 
given liquid and heater, depending on the state of the surface. Therefore, 
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upon t r a n s i t i o n s  from point G t o  point 0, f o r  example, point 0 may not be 
located p rec i se ly  on curve BC corresponding t o  smooth t r a n s i t i o n  from con­
vection t o  developed bo i l ing ,  but may be on a s l i g h t l y  d i f f e ren t  curve, 
similar i n  form t o  BC, but displaced i n  r e l a t i o n  t o  i t .  The p o s s i b i l i t y  of 
r e a l i z a t i o n  of any given mode of heat removal depends on t h e  concrete con­
d i t  ions.  

Heat exchange has been experimentally investigated on metals under con­
d i t i o n s  of free convection with developed boi l ing (area I1 on Figure 34: .  
With unstable  bo i l ing  (area V I )  and convection w i t h  subsequent removal of 
heat  by evaporation from t h e  f r e e  surface (area I and V ) .  Investigation of 
heat exchange with t r a n s i t i o n a l  (area 111) and f i l m  (area IV) bo i l ing ,  
except f o r  mercury i n  the last  case, and a l so  during bo i l ing  of an under 
heated l i qu id  have almost never been performed. Therefore, we analyze
below heat exchange only with Convection, developed nucleate boi l ing and 
unstable  boi l ing,  when t h e  temperature of t h e  l i qu id  is higher than the  
sa tu ra t ion  temperature or near it. 

~-Heat Removal Due t o  Convect ion and subsequent- Heat Removal By-Evapocat-ion-
From t h e  Free Surface 

The heat flow ca r r i ed  away from the heating surface by convection 
depends on t h e  super heating of t h e  l iquid near t h e  heating wall i n  r e l a t i o n  
t o  t h e  sa tu ra t ion  temperature A t s  and the  i n t e n s i t y  of heat removal. 

Figure 35. Experimental Data of t h e  Authors on superheating of 
Sodium A t s  on a Stainless  Steel Type 1Kh18N9T Surface. 
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The superheating of water ­/74
and organic l i qu ids  necessary f o r  
t h e  beginning of boi l ing on 
ordinary metal sur faces ,  f o r  exam­
p l e  a t  atmospheric pressure,  i s  
generally not over a few degrees.
The heat flow i n  t h i s  case does 
not exceed 10'' kcal/m2 *hr .  

Figure 35 shows exnerimental 
da ta  on su; erheating of sodium 
on a s t a i n l e s s  s t e e l  surface as  a 
function of t h e  sa tu ra t ion  tern­
pera ture ,  produced by t h e  authors; 
Figure 36 shows super heating as 
a function of  contact time of 
sodium with the  surface (where ts = 

30- /* 
T ,  days const) produced i n  [76]. Figures 

37 and 38 show da ta  on super 
heating of potassium produced i n  
[76, 771 respec t ive ly .  In theFigure 36. Dependence o f  Value o f  Super- experiments, t h e  r e s u l t s  of which

heating A t S  f o r  Sodium on Contact T i m e  a r e  shown on Figures 35-38, 
o f  Sodium w i t h  Surface a t  tS  = 900°C, 	 ordinary metal sur faces  were used, 

not subjected t o  any spec ia l  pro-
Produced i n  [76]. cessing. In [17, 19, 35, 78, 791 

and o ther  works, r a t h e r  high super 
heatings of a l k a l i  metals on t h e  heating surfaces were a l so  produced. 

For any l i qu id ,  t he  super heating necessary f o r  boi l ing t o  s ta r t  depends 
on t h e  s t a t e  of t h e  heating sur face ,  t h e  leve l  of pressure and the'tempera­
t u r e  f i e l d  i n  t h e  l i qu id  near t h e  heating surface.  In p a r t i c u l a r ,  i n  experi­
ments on a l k a l i  metals, holes i n  t h e  heating surface,  capable of holding gas 
from vapor [19, SO] and t h e  presence of an i n e r t  gas ([SO] and t h e  expe r i ­
ments of t he  authors) lead t o  a decrease of superheating i n  a l k a l i  metals 
As t h e  pressure increased and the  temperature gradient decreased, super­
heating i n  t h e  l iqu id  near t h e  heating surface decreased. 

Figure 39 shows t h e  q u a l i t a t i v e  d i s t r i b u t i o n  of temperature i n  a l iqu id  
f o r  conditions of heat removal i n t o  a large volume, when t Z  > t s .  Super­

heating on t h e  heating surface 

A t S  = A t a  + 6 t .  (11.1) 

f o r  t h e  case when boi l ing  has not yet s t a r t e d ,  t he  equation 

(11.2) 
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is  co r rec t ,  where Q is t h e  t o t a l  quant i ty  of  heat applied t o  t h e  l i qu id ,  
kcal/hr;  FD is  the  a rea  of  t h e  heated surface of  t h e  working sec to r ,  m 2 ;

* 

Q i n i t  is t h e  heat applied t o  the  l iqu id  from t h e  tank hea te r s ,  kcal/hr;  Fc 

i s  t h e  f r e e  sur face  area, m z .  

A t S  ,"c 

008 

600 

YO0 

0 

200 

I 
0 

so0 si 

Figure 37. Experimental Data on Super­
heating o f  Potassium Produced i n  [76 ] .  

We can e a s i l y  produce an 
expression f o r  superheating from 
equations (11.1) and (11.2): 

We can s e e  from equation (11.3) 

t h a t  even with fixed pressure and 

i den t i ca l  sur face  s ta te ,  A t s  i s  


not a s i n g l e  valued function of 

of heat flow q on the  heating 

surface 

Fp/Fc* Q i n i t  and a a r e  determined /76 
-
by t h e  conditions of t h e  experi­
ment. The heat t r a n s f e r  coef f i ­
c i en t  a t  the  -phase separation 
boundary a,, is  characterized by 

t h e  thermal r e s i s t ance  of t he  
boundary l aye r  of  l i qu id  near t he  
phase d iv i s ion ,  t h e  thermal resis­
tance upon phase t r a n s i t i o n  and 

t h e  thermal r e s i s t ance  of t he  diffusion layer  i n  the  vapor near t he  d iv is ion  
boundary. The thermal r e s i s t ance  i n  the  phase t r a n s i t i o n  depends strongly 
on t h e  pressure and impurit ies on t h e  sur face  of t h e  phase divis ion boundary. 
The thermal r e s i s t ance  of  t h e  diffusion layer as a function of the  quant i ty  
of non-condensing gases i n  t h e  vapor can change by more than t e n  times [81].
Approximate estimates made by t h e  authors on t h e  b a s i s  of  measurements of t h e  
difference i n  temperatures between l iqu id  and vapor tit by a moving thermo­
couple i n  experiments on sodium i n  t h e  pressure range 0.1-1 atm.abs. have 
shown t h a t  i n  these  experiments t h e  value of  ab f o r  t h e  free sur face  of t h e  

phase d iv is ion  boundary was approximately l o 4  kcal/m2 -h r  O C .  

The heat t r a n s f e r  coe f f i c i en t  a i n  equation (11.3) characterized convec­
t i v e  heat exchange. The authors,  using an i n s t a l l a t i o n  f o r  experiments f o r  
heat t r a n s f e r  during bo i l ing  of sodium, a l s o  performed experiments on heat 
transfer t o  sodium under conditions of  f r e e  convection without bo i l ing  (with 
t l  < t s )  [821. 
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Figure 39.  Q u a l i t a t i v e  

Figure 38. Experimental Data on Super Picture  o f  Distr ibut ion o f  
Heating o f  Potassium Produced i n  1771. Temperature w i t h  Saturated 

Boiling Under Conditions 
O f  Free Convection. 

On Figure 40, w e  show t h e  r e s u l t s  of t hese  experiments i n  coordinates 
a-q (these coordinates a r e  convenient f o r  comparison with data  on heat 
t r a n s f e r  during bo i l ing .  We can see from Figure 40 t h a t  t h e  po in t s  of 
p r a c t i c a l l y  a l l  four  s e r i e s  of experiments l i e  near t h e  averaging l i n e  w i t h  
a dispers ion of not over +- 15%. The averaging l i n e  corresponds t o  t h e  
formula 

Figure 4 1  shows temperature p r o f i l e s  i n  sodium made by measurements 
using a moving thermocouple f o r  two heat f luxes.  With heat  f luxes l e s s  than 
about 0.7 l o 6  kcal/m2*hr, n e i t h e r  t he  mov'i'ng thermocouple near t h e  wall 
nor thermocouples placed i n  the  wall noted any f luc tua t ions  i n  temperature. 
With high hea t  f l uxes ,  both t h e  moving thermocouple and t h e  thermocouples i n  /77
t h e  w a l l  recorded temperature pulsat ions a t  r e l a t i v e l y  low (about 0.13 Hz) 
frequency. The formation of pu l sa t ions  ind ica t e s  turbulent  movement of t h e  
f l u i d  near t h e  heat ing surface.  For our working surface with f luxes of 
0.7 lo6  kcal/m2*hr, corresponding t o  t h e  beginning of turbulent  movement of 
t h e  f l u i d  a t  t h e  w a l l ,  t h e  Grashoff number was about lo8 .  This agrees with 
t h e  conclusions of Fedynskiy [83], who believed t h a t  t h e  t r a n s i t i o n  from 
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laminar flow t o  turbulent  flow occurs a t  G r  about 1.5 lo8  regardless  of 
t h e  P r  number. 

The experimental d a t a  on heat t r a n s f e r  with f r e e  convection of l i q u i d  
metals a r e  usual ly  processed i n  the  coordinates Nu-GrPr2. This means t h a t  
t h e  influence of v i s c o s i t y  on heat t r a n s f e r  i s  not considered. The d a t a  of 
t h e  authors on heat  t r a n s f e r  with f r e e  convection f o r  sodium, r e l a t e d  t o  
t h e  turbulent  area, were constructed i n  t h e  coordinates Nu-GrPr2, and are 
shown on Figure 42. As a defining dimension, we used t h e  diameter of t h e  
f l o o r ,  and as a defining temperature - t h e  temperature of t h e  l i q u i d  far  from 
t h e  heating surface.  These points  a r e  located about t h e  averaging l i n e  with 
a dispers ion of 15%. The averaging l i n e  corresponds t o  t h e  formula 

(11.5) 


On Figure 42 we a l s o  show t h e  dependence according t o  t h e  formula of 
MacDonald and Cannolly 

Nu = 10.262 (GrPr2)03,  
(11.6) 

produced i n  [84] as  a r e s u l t  o f  processing of experimental-data on heat  
t r a n s f e r  t o  sodium on a f l a t ,  c i r c u l a r  p l a t e  200 mm i n  diameter. On t h e  
bas i s  of t h e  values of t h e  exponent with G r P r 2  i n  formula (11.6), t h e  
authors of [84] considered t h a t  heat exchange occurred i n  t h e  turbulent  
area.  In the  area of G r P r 2  from 2 . 5 0 1 0 ~t o  8*103, t h e  values of Nu i n  
formula (11.6) are a proximately 25% lower than according t o  formula (11.5). 
With increasing GrPr?,  t h e  difference i n  the  value of Nu calculated using 
formulas (11.5) and (11.6) decreases.  The values of t he  heat  t r a n s f e r  
coe f f i c i en t s  calculated using formula (11.5) and formuia 

(11.7) 

agree s a t i s f a c t o r i l y  with each o the r  (within 20%).  Formula (11.7) was pro­
duced on t h e  bas i s  of experimental da t a  on heat  t r a n s f e r  with f r e e  convection 
i n  mercury [85]. 

For metals,  t he re  a r e  no experimentally t e s t e d  recommendations f o r  c a l ­
culat ion of heat t r a n s f e r  from t h e  plane of a horizontal  p l a t e  i n  t h e  laminar 
mode. For horizontal  pipes ,  on t h e  other  hand, experiments have been per­
formed primarily i n  the  laminar mode. For example, i n  [86] f o r  calculat ion 
of heat t r a n s f e r  from horizontal  cylinders i n  t h e  laminar area, t h e  following 
formula i s  recommended: 

NU = 0.53 (GrP?)”d. (11.8) 
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Formula (11.8) was produced on the basis of experimental data. The experi-	 /79-
ments were performed on sodium, lead, bismuth, mercury and sodium-potassium
and lead-bismuth alloys. The diameter of the cylinders vary from 6 . 3  to 
38 mm. 

/78 

a, kcal/m2*hroC 


q,kcal/m2*hr 


Figure 40. Experimental Data o f  the Authoi-son Heat Transfer With 
Free Convection Produced on Sodium when (t2 '< t 

s 
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Figure 41. Distribution o f  Temperature in Liquid Near Heating Wall 
Produced by Measurement With Moving Thermocouple in Experiments o f  
The Authors on Sodium Under Conditions o f  Free Convection (t, < tS). 

1, q = 0.36.106 kcal/m2*hr;2, q = 0.95-106kcal/m2-hr. 
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Figure 42. Experimental Data of t h e  Authors on Heat Transfer W i t h  

Free Convection produced f o r  Sodium i n  Coordinates Nu-GrPr2. 

I ,  According t o  formula (11.5); I I ,  According t o  formula (11.9); 


I I I ,  According t o  formula ( I  I .6). 

The following formulas recommended i n  [83] f o r  ca l cu la t ion  of heat 
t r a n s f e r  t o  l i qu id  metals under conditions of free convection: 

(11.9) 

I t  i s  easy t o  see  t h a t  f o r  l i qu id  metals (Pr << 1) formulas (11.8) and (11.9) 
a r e  similar. 

Dependents (11.9) i s  constructed on Figure 42 .  It  agrees s a t i s f a c t o r i l y  
with dependents (11.5) a t  the beginning of t h e  turbulent  a r ea  (GrPr2 - 2 . 5  
103). 

Before production of dependences based on experimental da t a ,  i n  order 
t o  ca l cu la t e  heat t r a n s f e r  t o  l i qu id  metals with f r e e  convection i n  t h e  lami­
na r  flow mode on a f l a t  horizontal  surface we can recommend, as  f o r  ho r i ­
zontal  cyl inders ,  t h a t  formula (11.9) be used, and t h a t  ca l cu la t ion  of heat 
t r a n s f e r  i n  the  turbulent  area over a horizontal  cyl inder  be calculated 
using formula (11.5). 

Thus, f o r  a l k a l i  metals t h e  heat removal of l a rge  heat flows by con­
vection and tZ> ts r e s u l t s  from the  p o s s i b i l i t y  of achieving s i g n i f i c a n t  /84-
superheating of t he  l i qu id  over t h e  heat ing surface and r e l a t i v e l y  high 
values of heat t r a n s f e r  coe f f i c i en t s  ( for  a l k a l i  metals a is  several  times 
higher than f o r  non-metallic l i q u i d s ) .  For example, i n  our experiments on 
sodium, convection with subsequent heat t r a n s f e r  by evaporation from the  
f r e e  surface was capable of carrying away f luxes exceeding l o 6  kcal/m2*hr. 
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TABLE 1 1 . 1  -
Authors, Heat -1 Range o f  Recommd. C ha racte r is t ics of  Notes 
year o f  t r a n s f e r  pressures heat f l uxes  1 formulas,I working sec tor  
p u b l i c a t i o n  medium 	 i nves t .  invest. ,  i 

(atm.abs.)i ( kca l /  
m2*hr)  i 2 

Lyon, Foust, Sodium 1 0.041- Hor izont a 1 s t a i  n l ess  1 .  a ca lcu la ted  
Kat2 [91, 10.35 s t e e l  tube 19 mm i n  ' according t o  
1955 l I diam., 127 mm long. ' A t  (see F ig .  

Sod ium Chromel-alumel thermo- : 39) 
a 

I couples i n  d r i l l e da1 l o y  1 0.041- / apertures 1 mm i n  diam.
0.35 ' Rad. hea t ing  from cu r ren t -

heated s i l i t  rod, loca ted  
w i t h i n  tube. Tank 89 mmi i n  diam. 

I 

Noyes [18 ] ,  Sodium- 0.07-0.56 up t o  I C L= 2 5  , Hor izon ta l  tubes of 1 .  a c a l c u l a t e d  
1963 potas- 2. 17 q 0 e 5 *  molybdenum and s t a i n l e s s  from A t  a. sium formula , s t e e l  9.5 mn i n  diam., 

1 2 .  Several valuesI
1 ( 1  1.10) , 76 mm long. Thermocouples 

imbedded i n  w e l l s  soldered o f  qcr produced in 
I o r  welded on top. Heat ing the i n t e r v a l  

I by current-heated g raph i te  
pS 

.., (0.035­
rod located w i t h i n  tube and 

, i nsu la ted  w i t h  alum. ox ide  0.105 atm. abs.).  
, (see F ig .  2 ) .  Tank diam. 

[331,  i 
, denum, 9.5 mm and 6.4 mm 

1966 i n  diam., 76 m and 51 mm 2. Data on q 

long respec t i ve l y .  Thermo- produced i n  
c r  

couples placed i n  w e l l s ,  I 

I i n t e r v a l  P
welded o r  soldered a t  top.  S 
Currentheated g raph i te  (0.035-0.105) 

VI rod. 



Authors,  Heat Range o f  Range o f  (Recommd. C h a r a c t e r i s t i c s  o f  Notes 
year o f  t rans - pressures heat f l u x e s  formulas work ing sec to r  
p u b l i c a t i o n  medium inves t .  i n v e s t . ,  

(atm.abs.1 ( k c a l /  
m2*hr)  

I 	 I s o l a t e d  from tube by 
boron n it r ide bush ing . 
Tanks 150 mm (9.5 mm 

I 	 hea te r )  and 300 mn /I 

(6.4 mn hea te r )  i n  
d iam.7 


Pet ukhov, Sodium 0.01 1 - 0.1-1.5 a =  H o r i z o n t a l  tube w i t h  1 .  a c a l c u l a t e d  

Kova 1ev , 0.82 

, 
' 0 . 8  O s 7  su r face  o f  s t a i n l e s s  from A t a .  


Zhukov ' pso'92 5  s t e e l ,  29.6 mn i n  

1171, 1966 diam., heated over 

Formula 85 mn o f  length.  P l a t i ­
( 1 1 . 1 1 )  num-plat inum/rhodium 

thermocouples, p laced 
i n  copper. E l e c t r o n i c  
h e a t i n g  (see F ig .  15).

I Tank diam. 172 mn. 

Marto,  Sodium 0.08; 0.10-0.64 F l a t  h o r i z o n t a l  p l a t e  1 .  a c a l c u l a t e d  
Rohsenow 0.22; o f  n i c k e l  and s t a i n l e s s  from A t a .  (see 

1965-1966 P1 a t  inum-plat  inum/ F ig.  391, tS 

rhodium and chromel- determined from 
I 

I I a1 umel thermocouples measured pres-
loca ted  over h e i g h t  o f  sure.  
sec to r  i n  1.5 mm diam. 2. Experiments 
aper tures.  Rad. h e a t i n g  performed on 

1 .21 (see F ig .  l),tank 
diam. 63 mm. 

sur faces w i t h  
va r ious  f i n i s h .  

[ I 91  , I 0.55 s t e e l ,  63 mm i n  diam. 
I 



TABLE 1 1 . 1  (continued) 

~~ I-


Authors, Heat Range Range o f  Recomd. Charac te r i s t i cs  o f  Notes 
year o f  t rans- o f  pres- heat f luxes formulas working sec tor  
p u b l i c a t i o n  medium sures I i nves t .  

i nves t .  ( kca l /  
(atm.abs. ) m 2 - h r )  

~- - -~ ~ 

Bor ishanskiy Sodium 0 16-1.25 0.014- a = 7 O S 7  Hor izon ta l  and 
e t  a l . ,  0.125 Formu?a v e r t i c a l  tubes o f  
I161, 1965 (11.12) s t a i n l e s s  s t e e l ,  20-

Potas- 0.04-1.15 0.015- a = 3  0 .7  40 mm i n  diam., 160-
200 mm long. Rad ia t ion

s i u m  0.14 PO. 1 s
q 

heat ing  from rod 
S ( g r a p h i t e  o r  s i l i t ) ,  

loca ted  w i t h i n  tube. 
, ( 11 .13 )  

Deyev Sodium 0.005- 0.08- a =  Hor i zon ta l  f l a t  sec to r  1. With Ps ­
e t  a l . ,  0.75 1.72 380q1/3 28 mm i n  diam. Oper­
[351 , po . l  a t i n g  sur face  made o f  6 - 10-3 atm. abs. , 
1967 S lKh18NgT s t e e l .  Elec-

b o i l i n g  d i d  no t  
occur w i t h  heat 

( * 4, 
' t r o n i c  heat ing .  

PI a t  inum-p 1 a t  inum/ 
f l uxes  up t o  
1 . 1  IO6 k c a l /

rhodium thermocouples m2*hr.i n  copper. 

I n  ranqe 2. With Ps ­
q = (8I78) 4*10'2-2*10-1* l o 4  k c a l /  atm.abs.,m2*hr and b o i l i n g  was
w i t h  Ps > uns tab le ,  w a l l  
0.2 atm. temp. p u l s a t i o n  
abs. reaching k 25°C. 



TABLE 1 1 . 1  (cont inued) 

~ 

Authors,  Heat Range o f  Range o f  Recommd. 
year  o f  t rans - pres. heat f 1 ux. formulas 
pub1 ica t  ion  medium inves t .  i nves t .  

(atm. abs. ) ( k c a l /  
m2*hr )  

Boni 1 l a  Potas- 0.003-2 0.05-03 a = 4.83 
e t  a l . ,  sium 10-2 x 

1201 , q O .  8 8 5  

1963 ~ 0 . 2 9 3  
S 

Formu1 a 
(11.15) 

I 

Madsen Sodium- 0.0027- 0.054- a =  
a t  a l . ,  potas- 1.04 0.365 210q0'2 
1221, sium PO. 2 

S1960 I a l l o y '  I 

Formula 

C h a r a c t e r i s t i c s  o f  
work ing sec to r  

~ ~ ~~~ 

Ho r i zon ta l  n i c k e l  p l a t e
78 mm i n  diam. Chromel­
alumel thermocouples 
i n  aper tu res  d r i l l e d  a t  
severa l  cross sec t  ions 
through he igh t  o f  
s e c t o r .  Heat i npu t  
f rom p l a t e  so ldered  

' t o  sec to r .  P l a t e  heated 
by res i s tance  heaters  
wound on i n s u l a t i o n  

' 	 (see F ig .  6 ) .  Tank 
diam. 78 mm. 

H o r i z o n t a l  n i c k e l  p l a t e  

Notes 

Dependence o f  
ct on P i n  

S 

formula (11.15) 
produced on the  
bas i s  o f  data 
a t  pressures o f  
0.003 atm.abs. 
and 1-2 atm.abs. 

I n  Formula (1 1.16), 
i 7 8  mm i n  diam. Thermo- , a  c a l c u l a t e d  from 
' coup les  and heater  ' A t S .  
s i m i  l a r  t o  those used 

I i n  1201. Tank diam.( 1  1 * 16) 
70 mm, 



Heat Transfer During Boiling of Alkali Metals 

A summary of t h e  experimental works on heat t r a n s f e r  during boi l ing of 
a l k a l i  metals i s  presented i n  Table 11.1. This Table shows t h e  ranges of 
inves t iga t ions  of  pressures and heat f luxes ,  presents empirical formulas 
suggested by t h e  authors of t h e  works and provides a b r i e f  character izat ion 
of t h e  working sec to r s  used. 

The authors have performed experiments on heat t r a n s f e r  during boi l ing  
of a l k a l i  metals using sodium, cesium and potassium. The boi l ing  was’per­
formed on f l a t  horizontal  s ec to r s  heated ( a t  38 mm diameter) by e lec t ron  
bombardment (see Figure 10). The range of investigated heat f luxes  for 
sodium, potassium and cesium varied from approximately l o 5 -kcal/m2.hr r i g h t  
up to  t h e  c r i t i c a l  loads. In addition t o  t h e  measurements of l i qu id  
temperature, wal l - l iquid temperature d i f fe rence ,  t hese  experiments a l so  
included measurement of t h e  temperature f i e l d  within t h e  l iqu id  and vapor 
using a moving thermocouple. A l l  ind ica t ions  of these  thermocouples were 
continuously recorded on a high speed (1 sec)  type EPP-09 potentiometer and 
pe r iod ica l ly  measured on a R 2/1 potentiometer. 

Ten s e r i e s  of experiments on sodium were performed i n  t h e  pressure range 
from 0 . 0 2  t o  1 .5  atm. abs .  By a s e r i e s ,  we mean a s e t  of experiments per­
formed using a s i n g l e  working sec tor  without cleaning and replacement of t h e  
heat t r a n s f e r  medium. 

In nine series of  experiments performed on t h e  i n s t a l l a t i o n ,  t h e  diagram 
and bo i l ing  tank of  which a r e  shown on Figures 27 and 24 respec t ive ly ,  the  
sodium boi led under t h e  pressure of i t s  vapors. In one s e r i e s  of experiments 
performed on an i n s t a l l a t i o n  similar t o  t h e  i n s t a l l a t i o n  shown on Figures 
32 and 33,  t h e  sodium boiled both under the  pressure of i t s  own vapors and 
under i n e r t  gas pressure (argon). 

O f  t he  nine s e r i e s  of experiments i n  which t h e  sodium was boiled under 
the  pressure of i t s  own vapors, two s e r i e s  were performed on copper sec to r s ,  
t h e  heating sur face  of which was galvanically covered with a layer of nickel 
approximately 20 P t h i ck  (see Figure l l ) ,  and four  s e r i e s  of experiments were 
performed on the  same sec to r s  covered with f i r s t  a layer  of n i cke l ,  then a 
layer  of  chromium approximately 20 P t h i ck .  In many experiments, t he  covering 
was broken and t h e  sodium contacted t h e  copper d i r e c t l y .  

In  another t h r e e  series of experiments t h e  sur face  on which boi l ing 
occurred was made of s t a i n l e s s  s t e e l  (Figure 11) .  The content of oxygen i n  
t h e  sodium varied between approximately 10-1-10-3% by weight. The experi­
ments were performed both with constant pressure and varying heat flow and 
with constant hea t  flow and varying pressure.  The maintenance of t h e  experi- /85
mental regime i n  time with constant pressure and heat a t  flow varied from 
severa l  minutes t o  severa l  t e n s  of hours. 

In a l l  series of  experiments when bo i l ing  occurred under t h e  pressure of 
t h e  sodium vapors a t  pressures below 0.1 atm.abs., heat removal was accomplished 
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only with t h e i r  own'unstable bo i l ing  o r  convection with subsequent l i be r ­
a t i o n  of  heat by evaporation from the  free surface.  A t  pressures above 0.1 
atm.abs., t h ree  types o f  heat removal occurred: heat removal w i t h  developed 
and unstable bo i l ing  and heat removal by convection with grea t  overheating 
and subsequently with grea t  heat f luxes .  

The experimental da t a  produced w i t h  developed bo i l ing  o f  sodium under 
t h e  pressure of i t s  own vapors on surfaces of  s t a i n l e s s  s t e e l ,  n icke l ,  
chromium and copper i n  t h e  pressure range of about 0.1-1 atm. abs. a r e  
s a t i s f a c t o r i l y  described by the  empirical formula 

The values of  heat t r a n s f e r  coe f f i c i en t s  determined i n  t i m e  with un­
s t a b l e  sodium bo i l ing  a r e  located between the  values of  a calculated 
according t o  formulas (11.17) and (11.4). 

Experiments on t h e  influence o f  gas on heat exchange during boi l ing  
of sodium were performed i n  t he  pressure in t e rva l  approximately 0.015-1.5 
atm. abs. Boiling occurred over a s t a i n l e s s  s teel  sur face .  A t  f i r s t  t he  
sodium was held under the  pressure of i t s  own vapors. In t h i s  case,  
developed bo i l ing  of sodium began only with vapor pressures of  about 
0.5 atm. abs.and heat f luxes of about 1.1*106 kcal/m2*hr. With lower heat 
f luxes ,  heat removal was p r inc ipa l ly  by convection, w i t h  only periodic 
bo i l ing  of  t h e  sodium observed. 

Then, experiments were performed under argon. In t h i s  case, developed 
boi l ing began and was maintained s t ab ly  a t  pressures as low as about 0.015 
atm. abs. with a heat f l ux  of about 0.5*106 kcal/m2*hr. With higher pres­
sures ,  developed boi l ing began a t  lower heat f luxes .  

Data produced on heat t r a n s f e r  with developed boi l ing of sodium under 
argon can be s a t i s f a c t o r i l y  described by the  empirical formula suggested 
ear l ie r  by t h e  authors of [87]. 

With pressures up t o  about 0 .3  atm. abs. 

a = 8 q2/3po.4 . ( I  I .18) 

With pressures of about 0.3-1.5 atm. abs. 

a = 5.6q 2/3p0.1 (11.19)
S 

The values of t h e  heat t r a n s f e r  coe f f i c i en t s  with developed boi l ing  of 
sodium under the  pressure of i t s  vapors were somewhat lower than the  values 
of CI with boi l ing of sodium under argon. 
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Three s e r i e s  of experiments were performed with c e s j e  i n  t h e  pressure ­/86 

range from 0.02 t o  3.2 atm. abs. over surfaces  of s t a i n l e s s  s t e e l .  In these 
experiments, as i n  t h e  experiments with sodium, developed and unstable 
bo i l ing  were observed. The values of t h e  heat t r a n s f e r  coe f f i c i en t s  pro­
duced i n  two of t h e  s e r i e s  of experiments agree well with each o the r ,  while 
t h e  da t a  of t h e  t h i r d  series l i e  as a whole approximately 25%.lower. The 
value of temperature pulsat ions measured by thermocouples placed i n  t h e  heat 
t r a n s f e r  w a l l  i n  t h i s  s e r i e s  of experiments was g rea t e r  than i n  the two 
preceding s e r i e s .  The r e s u l t s  produced on heat t r a n s f e r  with developed 
bo i l ing  of cesium can be described by two formulas: 

a = 9.2q 2/aP0 .4 (11.20)s a 

with Ps- 0.02-0.1 atm. abs.  and 

a = 4.6q 2/3 p O - l  (11.21)
S 

with P s - 0.1-3.2 a t m .  abs. 

Heat removal from potassium was invest igated by the  authors over a 
surface of s t a i n l e s s  s t e e l  with pressures  of about 0.02 t o  1 atm. abs. If 
t h e  potassium was held under the  pressure of i t s  vapors, up t o  a pressure
of about 0.1-0.3 atm. abs. t h e  heat  removal was primarily by convection, with 
subsequent heat  removal by evaporation from t h e  f r e e  surface o r  with unstable 
bo i l ing  even a t  high hea t  f luxes (O.5*1O6-1*1O6 kcal/m2*hr). With higher 
pressures,  developed b o i l i n g  began. If argon was added t o  t h e  bo i l ing  tank, 
developed bo i l ing  of  potassium began even a t  pressures of about 0.82 atm. 
abs. and moderate (about 0. 3*106 kcal/m2*hr) heat  f luxes.  ' 

Heat_ _  Removal W i t h  Developed Boiling 

Many experiments have indicated t h a t  with developed nucleate bo i l ing  
(area I1 b on Figure 34) of non-metallic l i qu ids ,  t h e  heat t r a n s f e r  coef­
f i c i e n t  can be described by formulas such as  

n ma = C q Ps '  (11.22)a 

L m  a = C ' A t  Ps. (11.23)a 

The value of t h e  exponent n usua l ly  l i e s  between 0.6 and 0.8, and is  
used as 0 .7  o r  2/3 i n  most formulas. The value of coe f f i c i en t  Ca depends on 

t h e  propert ies  of t h e  bo i l ing  l i qu id  and t h e  surface on which bo i l ing  occurs. 
The value of t h e  exponent m depends on t h e  l eve l  Ps and type of l i qu id .  There 

i s  an unambiguous r e l a t ionsh ip  between Cas n and C;, L. A broad review of 

experimental d a t a  on heat  t r a n s f e r  during bo i l ing  of water and organic l i qu ids  /87
i n  t he  form of (11.22) is presented i n  [88]. 
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With developed bo i l ing  of a l k a l i  metals, t h e  heat  t r a n s f e r  coe f f i c i en t  
can a l so  be described by formulas ( I I .22) ,  ( I I .23) ,  t h e  values of t h e  
exponent with h e a t , f l u x ,  according t o  t h e  r e s u l t s  of  most works, lying
approximately within t h e  same l i m i t s  (see Table 11.1) as f o r  non-metallic 
l i qu ids .  

The values of t h e  exponent with q i n  (11.14) and (11.16) d i f f e r s  
. e s sen t i a l ly  from those used i n  other  formulas. Possibly i n  t h e  experiments 
described i n  [35] t h e  quant i ty  of ac t ive  centers  of vapor formation was 
l imited,  s ince  t h e  a rea  of t h e  working su r face  was r e l a t i v e l y  s l i g h t  (about 
6 cm2) and convection had an important inf luence on t h e  i n t e n s i t y  of heat 
exchange even a t  high heat  f luxes.  In  [22] , i n  which heat  exchange was 
invest igated during bo i l ing  of an a l l o y  of sodium and potassium, s i g n i f i c a n t  
differences were detected both i n  t h e  temperature between l iqu id  and vapor 
and i n  t h e  temperature of t h e  l i qu id  through t h e  height of t h e  bo i l ing  tank. 
However, it i s  d i f f i c u l t  t o  explain t h e  reason f o r  t h e  existence of s i g n i f i ­
cant gradients  of temperature through t h e  height of a column of l i q u i d  when 
t h e  saturated l i qu id  is boi led.  Possibly e r r o r s  occurred he re  i n  t h e  tem­
pe ra tu re  measurements. The values of t h e  heat  t r a n s f e r  coe f f i c i en t s  on which 
formula (11.16) a r e  based are r e l a t e d  i n  [22] t o  t h e  temperature difference 
between t h e  heating surface temperature and t h e  temperature above t h e  l eve l  
of t he  l i qu id .  The volume over t h e  l i qu id  was f i l l e d  with i n e r t  gas. The 
values of t h e  heat t r a n s f e r  c o e f f i c i e n t s  r e l a t e d  t o  the  difference i n  
temperatures between t h e  heat ing surface and t h e  l i qu id  near t h e  surface 
were higher than those calculated from formula (11.16). A f u r t h e r  l imited 
quan t i ty  of da t a  on hea t  t r a n s f e r  during b o i l i n g  of a sodium-potassium a l loy  
was produced i n  [9]. These d a t a  a r e  considerably higher than t h e  values 
calculated from formula (11.16). We conclude from t h i s  t h a t  t he re  a r e  not 
ye t  s u f f i c i e n t  d a t a  ava i l ab le  t o  recommend an empirical formula f o r  calcu­
l a t i o n  of  heat t r a n s f e r  during b o i l i n g  of a sodium-potassium a l loy .  

Figures 43-45 show experimental da t a  of t h e  authors on heat t r a n s f e r  
during bo i l ing  of sodium and cesium i n  coordinates a-q as an example. The 
points  on Figures 43, 44 (and some subsequent Figures) have numbers which 
correspond t o  t h e  order of t h e i r  production i n  time. 

With developed bo i l ing ,  t h e  thermocouples placed i n  t h e  wall recorded 
temperature pulsat ions not exceeding a few degrees o r  showed no pulsat ions 
a t  a l l ,  as i n  experiments with bubble bo i l ing  of non-metallic l i qu ids .  I t  i s  
a l s o  known t h a t  during bubble bo i l ing  of non-metallic l i qu ids  i n  t h e  boundary 
l aye r  and d i r e c t l y  on t h e  heat ing surface s i g n i f i c a n t  pulsat ions of tempera­
t u r e  occur [89-921. With developed bo i l ing  of metals, temperature pulsat ions /89-
have a l s o  been observed' near t h e  heat ing surface [15]. These temperature 
pulsat ions a r e  r e l a t e d  t o  t h e  formation and separat ion of vapor bubbles. The 
values of temperature pulsat ion a t  dis tance y from t h e  heating surface can 
be estimated from t h e  following formula [93] 

(11.24) 
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where AwO is  t h e  amplitude of pulsat ions on t h e  surface,  "C; A w i s  t h e  

amplitude of pulsat ions a t  dis tance y from t h e  surface,  "C; w is t h e  pul­
s a t i n g  frequency, l / sec .  

/88 
a,kcal / m 2 *  h,r°C 

a,kca 1 /m2- h r "  C 

2 4 6 8 f06, 2 
2 	 . 4 6 8 1 0 '  2 

q ,kca 1/m4*h.r q ,kca 1 i m 2  h r 

Figure 43 .  Experimental Data of Figure 44. Experimental Data of t h e  
t h e  Authors on Heat Transfer Authors on Heat Transfer Dur ing
During Boiling of Sodium (tz = Boiling of Sodium ( tz  = 860°C). 
700°C). Upper 1 ine corresponds Upper l i n e  corresponds t o  formula 
t o  formula ( l l . 1 7 ) ,  lower - t o  ( l I . l 7 ) ,  lower - t o  formula ( 1 1 . 4 ) .
formula ( I  I .4 ) .  

Thus, t h e  difference i n  t h e  values of temperature pulsat ions recorded 
by thermocouples imbedded i n  t h e  heat  t r a n s f e r  wall from t h e  values of 
pulsat ions ex i s t ing  on t h e  heat ing surface depend on t h e  depth of placement 
of t h e  thermocouples i n  r e l a t i o n  t o  t h e  surface,  t h e  pulsat ing frequency, t h e  /90
temperature conductivity of t h e  w a l l  material and the  qua l i t y  of t h e  contact 
of t he  thermocouple junct ion t o  t h e  wall, t h e  i n e r t i a  of t h e  thermocouple
and t h e  secondary device. .  

With ordinary types of thermocouples (placed a t  some dis tance from t h e  
heating su r face ) ,  temperature pulsat ions i n  t h e  process of developed bubble 
b o i l i n g , ' f o r  which t h e  frequency of bubble separat ion is  r a t h e r  high, gener­
a l l y  cannot be recorded. Therefore, t h e  indicat ions of developed bo i l ing  
include observation of dependence (11.22)  and absence of high a n d . 1 0 ~f r e ­
quency pulsat ions i n  t h e  indicat ions of t h e  thermocouples measuring t h e  
temperature of t h e  heating wall. This last  condition doubtless i s  correct  
only when s a t i s f a c t o r y  contact between t h e  thermocouple well and t h e  wall i s  
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a, kca 1/m2 hr°C 

49 G$ 48 f0
4, kca 1 /m2 h r  

Comas indicate  decimal points.  

F i g u r e  45. Experimental Data o f  The  
Authors on Heat Transfer W i t h  Developed 
Boi 1 ing of Ces i-um. Upper 1 I ne cor­
responds t o  formula ( I  I .21) ,  lower -
to formula (11.20). 1 ,  t Z  = 380°C; 

2 ,  tZ  = 72OoC. 

bo i l ing  and heat removal by convection. 

provided, and t h e  secondary device 
is capable of recording pulsat ions 
of t h e  corresponding frequency. 

Heat Removal W I  t h  Unstable Boi 1­
1 ng 
_c 

The authors were among t h e  first 
t o  study heat  removal with unstable  
bo i l ing  i n  experiments on sodium. 
As t h e  experimental d a t a  accumu­
la t ed  t o  t h e  present time ind ica t e ,  
heat  removal with unstable  bo i l ing  
i s  c h a r a c t e r i s t i c  f o r  a lka l i  metals 
over a r a t h e r  broad range of pres­
sures  (from hundredths of an atmos­
phere t o  several  atmospheres -
experiments have not been performed 
at  higher pressures) and heat  flows 
( r igh t  up t o  t h e  c r i t i c a l  flows). 
The c h a r a c t e r i s t i c  i nd ica to r  of heat 
removal with unstable  bo i l ing  i s  
t h e  existence of s i g n i f i c a n t  tem­
perature  pulsat ions of t h e  heating 
wall a t  r e l a t i v e l y  low ( f r ac t ions  of 
a Hz) frequencies,  which a r e  c l e a r l y  
recorded by thermocouples imbedded 
i n  t h e  wall. 

The time-averaged values of 
heat t r a n s f e r  c o e f f i c i e n t s  with 
unstable  bo i l ing  l i e  between values 
of a f o r  heat removal with developed 
The l e s s  t h e  amplitude of tempera­

t u r e  pulsat ions of t h e  wall and t h e  higher  t h e i r  frequency, t h e  more t h e  
values of t h e  heat  transfer coe f f i c i en t s  approach a with developed bo i l ing .  

The d a t a . r e l a t e d  t o  unstable  b o i l i n g  cannot be described by a s i n g l e  
exponential r u l e ,  s ince  t h e  heat  removal conditions f o r  individual  experi­
ments may d i f f e r  s i g n i f i c a n t l y ,  approaching heat removal with developed 
b o i l i n g  o r  hea t  removal with convection without bo i l i ng .  

Figure 46 shows as an example t h e  experimental da t a  of the’authors  
produced f o r  sodium and r e l a t e d  t o  hea t  removal with unstable  bo i l ing .  The 
upper l i n e  corresponds t o  formula (11.17), descr ibing t h e  d a t a  of t h e  authors 
with developed bo i l ing  of sodium, while t h e  lower l i n e  corresponds t o  
formula ( I I . 4 ) ,  describing t h e  experimental d a t a  with heat  removal by con­
vection, produced on t h e  same i n s t a l l a t i o n .  

74 




I 


a,kca1 /m2 hr"C 

3 


2 

to* 
6 

E 

Y 
in5 2 4 6 6 loo 2 

q ,kcal/m2-hr 

Figure 46. Experimental Data of the 

Authors on Heat Transfer With Boiling

of Sodium (t, = 700°C). Upper line 
corresponds to formula ( I  I . 1 7 ) ,  .lower­
to formula ( I  I .4). 

Figure 47 shows a recording /91 & 92 
of the wall-liquid temperature
difference f o r  the time when 
points 3 and 6 shown on Figure
46 were taken. Points 31 and 61 
relate to heat removal with 

unstable boiling, points 3* and 


62 to heat removal by convection. 


Figure 48 illustrates the 

course of the measured surface 

liquid temperature difference 

with unstable and developed

boiling of cesium from our 

experiments. 


Figure 49 shows the depend­
ence of the temperature heads 
Ata on heat flux f o r  sodium with 
heat removal by developed boiling

and convection according to 

formulas (II.17), (11.4) respec­

tively. The maximum value-of 


pulsations emax with unstable boiling is equal to-the difference between 


Atcr for convection without boiling and with developed boiling. 


a b 

Figure 47. Recording of Wall-Liquid Temperature Differences For 
Points 3(a) and 6(b )  Shown on Figure 46. 
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Figure 48. Recording o f  
Temperature Difference-
Between Wall and Liquid 
W i  t h  Developed (2) and 
Unstable (1) Boiling of 
Ces ium i n  t h e  Experi­

m e n t s  o f  t h e  Authors 
(q = 0.44*106 kcal/m2hr; 
tZ  = 517°C). 

As t h e  heat f l u x  increases ,  t h e  b o i l i n g  
process becomes mor6 s t a b l e ,  t h e  conditions 
of heat removal with unstable  b o i l i n g  approach 
t h e  conditions of heat  removal with developed 
bo i l ing .  In  t h i s  case,  t h e  dependence of 
a on q i s  q u i t e  s t rong.  Let u s  show t h i s  
using an example. 

Figure 50 shows t h e  d a t a  of t h e  authors 
produced i n  experiments on sodium. Figure 51 
shows a recording of t h e  wal l - l iquid tempera­
t u r e  d i f f e rence  f o r  point  4 and 6 on Figure 
50. The pulsat ions of temperature of t h e  
heating wall f o r  point 6 were g rea t e r  than 
f o r  point  4. This ind ica t e s  t h a t  t h e  heat 
removal conditions were d i f f e r e n t  f o r  point 
4 and 6 .  

The question may a r i s e  as t o  whether t h e  
dependence constructed on Figure 50 is  t h e  
only poss ib l e  dependence of a on q with t h i s  
sodium sa tu ra t ion  pressure i n  t h e  range of 
hea t , f l uxes  used. We must give a negative 
answer ,d s ince  i n  o the r  experiments a t  t h e  
same sodium temperature and with t h e  same 
range of heat f l uxes ,  only developed bo i l ing  
of sodium (see Figure 43) occurred at  times. 
Thus, t h e  dependence of t h e  heat  t r a n s f e r  
coe f f i c i en t  on t h e  heat  f l u x ,  as shown on 
Figure 50, involves d i f f e rences  i n  t h e  con­
d i t i o n s  of heat removal with d i f f e r e n t  heat  
f luxes.  

Therefore, i n  analyzing experimental 
data ,  p a r t i c u l a r l y  i n  determining t h e  depend­

ence of a on q and Ps, f o r  example f o r  developed bo i l ing ,  i n  order t o  avoid 

e r r o r s  one should t u r n  a t t e n t i o n  t o  t h e  p o s s i b i l i t y  of changing heat  removal 
conditions with increasing heat  f l ux .  

Unstable bo i l ing  has a l so  been observed i n  non-metallic l i qu ids  [72-751. 
However, unstable bo i l ing  of non-metallic l i qu ids  occurred only a t  low pres­
sures ,  general ly  below 0.1 atm.abs., with 'low heat  f luxes (below about lo5  
kcal/m2-hr) and over r a t h e r  smooth surf.aces . 

Unstable bo i l ing  r e s u l t s  from t h e  i r r e g u l a r i t y  of t h e  operation of 
vapor formation centers ,  t h e  number of which is not g rea t  on t h e  heating 
surface i n  t h i s  case. 
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At,,'C 

q,kcal/m2*hr 

Figure 49. Dependence o f  Maximum 
Value of Temperature Pulsation o f  
Surface 0 ma x W i t h  Unstable Boiling 
of Sodium on Heat Flux. L i n e s  1 
and 2 constructed according t o  
formul'as ( 1  1 .17)  and ( 1  1 .!I) respec­
t i v e l y .  

a,hca 1 /m2- hr"C 
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Dependence of Heat Transfer on 
Pres su r e  

The dependence of t h e  heat 
t r a n s f e r  coe f f i c i en t  on pressure 
with bubble bo i l ing  of non-metallic 
l i qu id  has been invest igated i n  t h e  
range of corrected pressures of 
approximately t o  1. On Figure 
52, borrowed from [94] ,  we show t h e  
dependence of t h e  coe f f i c i en t  o f  
hea t  t r a n s f e r  on t h e  pressure f o r  
water and c e r t a i n  organic l i qu ids .  
We s e e  t h a t  i n  various pressure 
ranges t h e  dependence of ci on PS 
d i f f e r s .  A t  low pressures ( in  t h e  
range pS/pcr approximately 10-3-10-~) 
t h e  heat t r a n s f e r  coe f f i c i en t  i s  
proportional t o  the pressure i n  t h e  
range of approximately 0.2-0.25. In 
t h e  area of low pressures (Ps/Pc, < 

10-3), i n s u f f i c i e n t  experimental 

a b 

Y 106 2 
q ,kcal/m2*hr 

F i g u r e  50. Influence of Heat Flux on F i g u r e  51. Recording of Temperature 
Heat Removal Mode W i  t h  Boi 1 i ng of Difference Between Wall and L i q u i d  
Sodium. Data o f  t h e  Authors ( t z  = f o r  Point 4(a)  and 6 ( b )  Shown on 

700°C). Figure 50. 
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d a t a  a r e  ava i l ab le  f o r  establishment of a r e l i a b l e  dependence of 01 ­/95 

on Ps. 

The dependence of t h e  heat  t r a n s f e r  coe f f i c i en t  on pressure with 
developed bo i l ing  of a l k a l i  metals has been investigated.  by t h e  author i n  
experiments on cesium over a r a t h e r  broad range of pressures.  In experi­
ments on other  a l k a l i  metals, t h e  invest igated pressure ranges are more 
narrow. 

On Figure 53 w e  show t h e  data of t h e  author on heat t r a n s f e r  with 
developed bo i l ing  of cesium i n  coordinates. 0 1 / q ~ ' ~- Ps. We can see  from 
Figure 53 t h a t  with developed b o i l i n g  of cesium t h e  dependence of t he  
heat t r a n s f e r  coe f f i c i en t  on pressure with P

S 
of up t o  approximately 0.1 

a t m .  abs. i s  s t ronger  than with pressures  of higher than 0.1 atm. abs. 
(within the  l i m i t s  of t h e  pressure range ; i nves t iga t ed ) .  The da ta  produced 
a r e  described by t h e  empirical formulas (11'.20) , (11.21). 

For sodium t h e  dependence of heat t r a n s f e r  c o e f f i c i e n t  on pressure was 
determined i n  [16, 17, 19, 33, 351. In [16] within t h e  pressure range of 
approximately 0.15-1.25 a t m .  abs. ,  no not iceable  dependence of a on Ps was 
produced. The dependence of a on Ps based on t h e  r e s u l t s  of  [35], as we 

can see  from formula (11.14), i s  a l s o  r a t h e r  weak. In [ll!p5for t h e  pres­
su re  in t e rva l  0.01-0.8 atm. abs . ,  it was found t h a t  a - Ps . According 

t o  t h e  r e s u l t s  of our experiments, no c l e a r  dependence of heat  t r a n s f e r  
coe f f i c i en t  on pressure with developed bo i l ing  of sodium under t h e  pressure 
of i t s  own vapors i n  t h e  i n t e r v a l  of P

S 
of approximately 0.1 t o  1 atm. abs. 

could be determined. 

Figure 54 shows experimental da t a  of  t h e  authors on heat t r a n s f e r  as a 
function of pressure produced i n  experiments with bo i l ing  of sodium beneath 
an i n e r t  gas. We can see  from Figure 54 t h a t  with low pressures ,  as f o r  
cesium, the  dependence of ci on PS i s  s t ronger .  

Figure 55 shows the  dependence of t h e  heat t r a n s f e r  coe f f i c i en t  on 
pressure during bo i l ing  of sodium according t o  t h e  d a t a  of t h e  authors ( for  
developed boi l ing)  and t h e  da t a  of [9,  17, 19, 331. From work [17] we have 
constructed only po in t s  corresponding t o  t h e  maximum heat  flows a t  each 
pressure,  s ince  i n  a number of experiments a very s t eep  dependence of a on q 
i s  noted, which may be r e l a t e d  t o  t r a n s i t i o n  from unstable  bo i l ing  t o  
developed bo i l ing  with increasing heat 'flow. The heat t r a n s f e r  coe f f i c i en t s  
produced i n  [19] we have r e l a t e d ,  as f o r  t h e  other  d a t a  on Figure 55, t o  t h e  
difference of temperatures between t h e  heating surface and t h e  l i qu id .  
Figure 55 shows no points  from [16, 351, s i n c e  i n  [16] t h e  data  a r e  construct­
ed only i n  coordinates a-q f o r  a r a t h e r  narrow range of pressures ,  and t h e  
d a t a  produced i n  [35] show a s i g n i f i c a n t l y  d i f f e r e n t  dependence of a on q 

/ loothan the  other  works and of t h a t  used on Figure 55. The Figure shows l i n e s  ­
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corresponding t o  formulas (11.18) and (11.19). We can see t h a t  t h e  experi­
mental po in t s  as a whole agree r a t h e r  well with dependences (11.18 and 
11.19). 

10 
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3 


2 

I 

46 


44 

Figure 52. Heat Transfer Coefficient As A Function of Pressure W i t h  
B u b b l e  Boiling of Non-metallic L i q u i d s  [94]. 1-6, Water; 7-8, E t h y l  
alcohol;  9, Methyl alcohol;  10, Butyl  a lcohol ;  1 1 ,  1 2 ,  He tane;  
13, Pentane; 1 4 ,  Benzene; 15, Freon. T h e  value of (a/qo'P)p, taken 
w i t h  reference pressure P, = 0.0294 P c r .  
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P, 

2 
atm.abs. 

4 

F.fgure53. Experimental Data of the Authors on Heat Transfer With 

Developed Boiling of Cesium. I, According to formula (11.20); 

I I ,  According to formula (11.21): 1 ,  For a series of experiments;

2, Second series of experiments. 


0.01 0.02 0.04 0.061 0.08 0.1 0.2 0.4 0.6 
0.8 1.0 2 

P ,  atm.abs. 

Figure 54. Experimental Data of the Authors on Heat Transfer With 
Developed Boiling of Sodium Under Argon. Lines Constructed 

According to Formulas (11.18) and (11.19): 
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F i g u r e  55. Comparison of Experimental Data of Various Authors On Heat 
Transfer During Boillng o f  Sodium Under Conditions of Free Convection. 
L i n e s  Constructed According to  Formulas ( 1  I .18) and ( I  I .19). 
1 ,  Boi1i.ng u n d e r  pressure o f  metal vapors; 2 ,  Boiling under argon -
data of t h e  authors;  3 ,  Data o f  Marto and Rohsenow [191; 4, Data of 
Noyes [18, 331; 5 ,  ,Data of Petukhov et  a l . ,  [171; 6 ,  Daia of Lyon 191. 

The quant i ty  of, d a t a  on heat  t r a n s f e r  during bo i l ing  of potassium under 
conditions of f r e e  convection is  more l imited than t h a t  f o r  sodium. In [20],
experiments on potassium were performed a t  very low pressures (several  mm of 
mercury) and a t  pressures of 1-2 atm. abs. The r e s u l t s  of these experiments 
a r e  shown on Figure 56. The dependence of t h e  heat t r a n s f e r  coeff ic ient  on 
pressure i n  formula (11.15) was produced on t h e  b a s i s  of processing of 
experimental d a t a  from Figure 56. Here a l s o  we s e e  t h e  dependence of t h e  
coe f f i c i en t  of heat t r a n s f e r  f o r  heat removal by convection according t o  
formula (11.5), s ince  f o r  t he  i n s t a l l a t i o n  used i n  t h i s  work t h e  value of 
G r  > l o 8  with A t a  > 10°C. As we can see ,  t h e  value of t h e  hea t  t r a n s f e r  

coe f f i c i en t  produced i n  [20] it very low pressures  does not exceed t h a t  cal­
culated by formula (11.5). This, together  with t h e  necessi ty  of great  super 
heating t o  begin bo i l ing  a t  low pressures gives us reason t o  assume t h a t  heat 
removal here  was by convection. Therefore, t h e  dependence of t h e  coe f f i c i en t  
of heat  t r a n s f e r  on pressure ( a - calculated i n  [20] f o r  t h e  bo i l ing  

of potassium arouses doubt. 
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Figure 57 shows d a t a  on heat  t r a n s f e r  with bo i l ing  of potassium pro­
duced by t h e  authors and i n  [20]. I n  t h e  invest igated range of pressures ,  
t h e  exponent with Ps can be taken t h e  same f o r  sedium and sodium, equal t o  

0.1. The averaging l ine  on Figure 57 i s  described by t h e  formula 

(Y = 4.8 q2'3PE.1 (11.25) 

with Ps . -0.1-2 atm. abs. 

For t h i s  pressure range, t h e  values of a calculated from formula (11.13) 
sunnested by .V. M. Borishanskiv e t  a l . ,  agrees well with ca l cu la t ion  using

(If. 25).
formula 

a ,  kca 1/m2 -hr "C 

q ,kcal/m2-hr 

Figure 56. Experimental Data of 

Bonilla [20 ]  on Heat Transfer During 

Boiling of Potassium. L i n e  Corres­

ponds to formula ( I  I .5). 

1 ,  Ps about 0.003 atm.abs.; 2 ,  Ps 


about 1 atm. abs.;  3 ,  P about 1.6

S 

atm. abs.;  4 ,  Ps about 2.04 atm.abs. 

On Figure 58, t h e  experimental 
d a t a  on heat  t r a n s f e r  with developed 
b o i l i n g  o f  cesium, sodium and 
potassium, presented on Figure 53, 
54 and 57 respect ively,  are con­
s t r u c t e d  i n  t h e  form of dimensionless 
complexes considering t h e  primary 
physical  p rope r t i e s  influencing heat  
exchange during bo i l ing  as a function 
of t h e  corrected pressure.  The values 
of Pcr a r e  taken from [ 9 5 ] .  It is  
easy t o  s e e  t h a t  i n  t h e  coordinates 
used, t h e  experimental da t a  f o r  
cesium, sodium and potassium agree
r a t h e r  well with each o the r .  The 
averaging l i n e  corresponds t o  a 
c e r t a i n  smooth curve which f o r  
s impl i c i ty  can be replaced with two 
s t r a i g h t  l i n e s  ( i n  logarithmic 
coordinates) described by exponential 
funct ions.  

Thus, t h e  hea t  t r a n s f e r  coef- ­/lo2

f i c i e n t  with developed b o i l i n g  of 
cesium, sodium and potassium can be 
described by t h e  generalized 
empirical formulas 

= ~ 2 / 3 ( %  ) l l 3 ( P s / P  ) 0 ' 4 5  (11.26)
cr

OTs 


f o r  Ps/Pcr about 4010-~--I and 
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F i g u r e  57.  Experimental Data on Heat Transfer W i t h  Developed 
Boiling of Potassium. 1 ,  Data of the AutQors; 2 ,  Data o f  Bonilla, 
et a l . ,  [20] ( l i n e  corresponds to  formula (11.25). 

(11.27) 

f o r  

I t  can be expected t h a t  within t h e  range of corrected pressures  i n v e s t i ­
gated,  dependences (II .26) ,  (11.27) w i l l  a l so  be co r rec t  f o r  other  a l k a l i  
metals. However, t h i s  problem, l i k e  t h e  problem of t h e  p o s s i b i l i t y  of using 
formula (11.27) where Ps/Pcr > 2 0 1 0 - ~ ,r equ i r e s  f u r t h e r  experimental check­

ing. 

For t h e  a l k a l i  metals analyzed with Ps/Pcr > (within t h e  i n v e s t i ­

gated range of Ps/Pcr), ci about P:'l, t h a t  is t h e  heat  transfer coe f f i c i en t  

depends on t h e  pressure somewhat more weakly than f o r  non-metallic l i qu ids ,  
as can be seen by comparison of Figures  53, 54 and 57 with Figure 52. I t  
should be noted t h a t  t h e  d i f f e rence  i n  exponents with PS i n  t h e  empirical  

formulas (11.18)-(11.21), (11.25) and t h e  generalized dependence (11.26), 
(11.27) resul ts  from t h e  fact t h a t  t h e  complex (Ary/~Tg)'/~ is proportional 
t o  Ps t o  approximately t h e  - 0.05 power. 

Analysis of experimental d a t a  on heat  exchange during bo i l ing  of sodium 
and potassium shows t h a t  increasing pressure,  both t h e  p robab i l i t y  of transi­
t i o n  from heat removal by convection with" subsequent hea t  removal by 
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evaporation from t h e  f r e e  surface t o  heat removal by bo i l ing ,  and t h e  
p robab i l i t y  of t r a n s i t i o n  from hea t  removal by ‘unstable b o i l i n g  t o  heat 
removal by developed bo i l ing  increase.  The same p i c t u r e  is observed 
q u a l i t a t i v e l y  i n  experiments on non-metallic l i q u i d s  [72-75]. 

The da ta  on Figures 44 and 50 were produced i n  one s e r i e s  of  experi­
ments, but with d i f f e r e n t  pressures .  Whereas a t  t he  low pressure (Figure SO) 
unstable  bo i l ing  of sodium began with heat  f l uxes  only g r e a t e r  than 
0. 5*106 kcal/m2 *hr ,  a t  t h e  higher pressures  (Figure 44) developed bo i l ing  

occurred with heat f l uxes  of approximately 0 .2*1f16 kcal/m2-hr. However, i n  

a l l  experiments of t h e  authors on cesium a t  low pressures (about 0.018 atm. 

abs.) s t a b l e ,  developed b o i l i n g  was observed. The most unstable  bo i l ing  of 

cesium occurred at  pressures  of 0.06-0.2 atm. abs. This influence of pres­ 

s u r e  on t h e  nature  of hea t  exchange during bo i l ing  of cesium on the  surface ­
/lo4

of s t a i n l e s s  s t e e l ,  as thermodynamic ca l cu la t ions  have indicated (see 
Figure 6 3 )  may be r e l a t e d  t o  t h e  f a c t  t h a t  as t h e  temperature changes, t h e  
cesium w e t t a b i l i t y  of s t a i n l e s s  s t e e l  changes. 

I t  should be emphasized t h a t  we cannot note  a value of pressure,  f o r  
example f o r  sodium a t  which a given heat removal mode w i l l  occur, s ince  it 
is influenced by several  o the r  f a c t o r s  which w i l l  be analyzed below i n  
addi t ion t o  pressure.  

Influence of Certain Factors on Heat Transfer During Boiling of Alkali Metals 
-~ 

From t h e  experiments with non-metallic l i qu ids ,  it is known t h a t  heat 
exchange during bo i l ing ,  p a r t i c u l a r l y  t h e  hea t  t r a n s f e r  c o e f f i c i e n t ,  may be 
influenced t o  some extent by such f a c t o r s  as t h e  mater ia l  and f i n i s h  of t h e  
heat t r a n s f e r  surface and c e r t a i n  o the r s .  The quan t i ty  of s i m i l a r  data  pro­
duced f o r  a l k a l i  metals up t o  t h e  present time is  q u i t e  l imited.  In  t h i s  
sect ion,  we w i l l  analyze t h e  influence of ma te r i a l ,  f i n i s h  and geqlnetry of 
t h e  heating surface,  contact time with t h e  metal heat  t r a n s f e r  medium, con­
t e n t  of impuri t ies  i n  t h e  heat  t r a n s f e r  medium and i n e r t  gas on heat t r ans ­
fer  during bo i l ing  of a l k a l i  metals. 

Material of heating Surface 

The dependence of t h e  heat  t r a n s f e r  coe f f i c i en t  during bo i l ing  of non­
metallic metals on t h e  material of t h e  surface has been s tudied i n  [96, 981, 
etc. For example, i n  [98] experiments were performed with ethyl  alcohol and 
benzene on pipes of nickel ized copper, s i l v e r  and s t a i n l e s s  s t e e l  over a 
broad range of heat  flows and pressures.  The f i n i s h  of t h e  surface i n  a l l  
cases was approximately t h e  same. The values of CY, produced on surfaces of 
d i f f e ren t  materials, as t h e  authors note,  d i f f e r  by up t o  SO%, p a r t i c u l a r l y  
i n  t h e  area of small pressures  Ithe experiments were performed with Ps > 
1 a t m .  abs.). 
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I
I Figure 58. General ized 

Dependence o f  Heat Transfer  
Coef f ic ient  W I  t h  Developed 

i Boi l ing  o f  A l k a l i  Metals oni Corrected Pressure: 

t 1 ,  Sodium; 2 ,  Potassium; 
3 ,  Cesium (data o f  the Authors);
4, Potassium - data o f  Boni l la  
e t  a l . ,  [20]. Averaging l i n eIr

I 
corresponds t o  dependences ( I I .26) 
and (II .27): 

. a 

A = 

e q213 ( A  ry/oT:) 

L1 
I
I

II

I 
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a, kcal /m2 - hroC 
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I 0 1  -­
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0 2  
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q , kca 1/m2 h I-
Figure 60. Influence of Surface 
Material On Heat Transfer During 
Boiling of Sodium According t o  Data 
Of Noyes and Lurie [331. 1 ,  Stain­
less steel surface;  2 ,  Molybdenum 
surface (Ps -0.21 atm. abs . ) .  

No systematic i nves t iga t ion  of t h e  inf luence of t h e  heat ing surface 
material on heat  exchange during b o i l i n g  of a l k a l i  metals has been performed. 
Up t o  t h e  present time, experimental d a t a  on hea t  t r a n s f e r  during bo i l ing  
of sodium on surfaces  of s t a i n l e s s  steel (works [g, 16-19, 33, 351 - experi­
ments of t h e  authors) ,  nickel  (1191 and experiments of t h e  authors) ,
molybdenum ([33]), chromium and copper (experiments of t h e  authors) have been 
performed. In t h e  experiments of t h e  authors on surfaces  of s t a i n l e s s  s t e e l ,  
chromium, nickel  and copper (Figure 59) as well as t h e  experiments of Noyes 
and Lurie [33] on surfaces  of s t a i n l e s s  s teel  and molybdenum (Figure 60) no 
not iceable  d i f f e rence  i n  hea t  t r a n s f e r  c o e f f i c i e n t s  during developed bo i l ing  
of sodium have been detected.  Values of hea t  transfer c o e f f i c i e n t s  produced 
by Marto and Rohsenow [19] on surfaces  of nickel- and s t a i n l e s s  s t e e l  agree well 
with each o the r .  ' 

In t h e  experiments of t h e  authors on sodium bo i l ing  over surfaces  of 
s t a i n l e s s  s t e e l ,  chromium, nickel  and molybdenum (experiments on t h e  inves t i ­
gat ion of c r i t i c a l  heat flows). various heat removal modes have been noted 
(heat removal by convection, heat removal by unstable  and developed bo i l ing ) ,  
while over t h e  copper surface,  which became rough (eroded) as a r e s u l t  of 
i n t e rac t ions  with t h e  sodium, only developed bo i l ing  Gas noted. 

I t  is noted i n  [19] t h a t  bo i l i ng  of sodium on a surface of nickel ,  with 
otherwise equivalent conditions,  i s  more s t a b l e  than on a surface of s t a i n l e s s  
s t e e l .  However, w e  should note  t h a t  t h i s  effect may be r e l a t e d  not only with 
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t h e  influence of t he  mater ia l  of t h e  wal l ,  but  a l s o  with t h e  influence of 
other  f a c t o r s  not considered i n  [19]. 

A l k a l i  metals may i n t e r a c t  ac t ive ly  with t h e  heating wal l .  Alkali  
metals w i l l  reduce metal oxides i f  t h e  free energy of t h e  system is  decreased 
as a r e s u l t  of t h e  r eac t ion  [99]. 

(11.28) 

Here M, 0, N represent  t h e  s t r u c t u r a l  metal, oxygen and t h e  a l k a l i  metal 
respect ively.  On Figure 61-63 w e  present diagrams f o r  sodium, potassium 
and cesium produced by approximate thermodynamic calculat ions performed a t  
t h e  Physics and Energy I n s t i t u t e  by M .  N .  Arnol'dov on t h e  measurement of 
t he  f r e e  energy of t h e  system r e s u l t i n g  from reac t ion  (11.28). We know of 
no d a t a  concerning t h e  r a t e  of reduction of metal oxide f i l m s  by a lka l i  
metals. 

If the  oxides of t h e  heat t r a n s f e r  metal a r e  reduced by t h e  heat ing 
wal l ,  t h i s  may change t h e  w e t t a b i l i t y  and roughness of t he  heating surface 
and correspondingly change t h e  heat t r a n s f e r  conditions ( level  of a with 
bo i l ing ,  heat  removal mode). Accumulation of oxides on t h e  heating w a l l  
a l s o  leads t o  an increase i n  thermal r e s i s t ance ,  causing a decrease i n  t h e  
value of 01 determined from the  indicat ions of thermocouples b u i l t  i n t o  t h e  
wall. Therefore, i n  planning of experiments and analysis  of experimental 
da t a ,  t h e  d i r e c t i o n  of r eac t ion  (11.28) should be considered. 

Thus, t he  ava i l ab le  r e l a t i v e l y  sparce d a t a  on heat t r a n s f e r  during 
bo i l ing  of sodium over surfaces  made of s t a i n l e s s  s t e e l ,  n i cke l ,  chromium, 
molybdenum and copper ind ica t e  t h a t  t he  l eve l s  of t h e  heat t r a n s f e r  
coe f f i c i en t s  with developed bo i l ing  of sodium on surfaces  o f  these metals is 
approximately i d e n t i c a l .  However, f u r t h e r  invest igat ions a r e  required t o  
determine the  influence of t h e  material  of t h e  heating wall on heat exchange 
during bo i l ing  of a l k a l i  metals,  p a r t i c u l a r l y  considering in t e rac t ion  of 
t h e  heat t r a n s f e r  medium with t h e  heating wal l .  

F i n i s h  of  Heating Surface-~ 
In [loo-1021, an e s s e n t i a l  influence of roughness on t h e  heat t r a n s f e r  

coe f f i c i en t  was discovered during bo i l ing  of water and c e r t a i n  organic 
f l u i d s .  For example, i n  t h e  experiments of Berenson [ lo21  with normal pen­
tane a t  atmospheric pressure,  t h e  heat t r a n s f e r  coe f f i c i en t  var ied by 5-6 
times as a function of t h e  f i n i s h  of t he  surface with heat flows r i g h t  up 
t o  t h e  c r i t i c a l  values.  

Figure 64 shows t h e  d a t a  of Marto and Rohsenow [19] on hea t  t r a n s f e r  
during bo i l ing  of sodium on surfaces  with various f i n i s h e s ,  while Figure 65 
shows photographs of microscope sec t ions  of c e r t a i n  of t hese  surfaces .  
Analysis of Figure 64 and 65 shows t h a t  t h e  s p e c i f i c  roughness increases  t h e  
coe f f i c i en t  of heat  transfer. The coe f f i c i en t s  of heat t r a n s f e r  change 
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F i g u r e  61. Change i n  Free Energy 
o f  System as  a Result o f  Reaction 
( I  I .28)  o f  Metal Oxides W i t h  
Sod ium. 

I -Na,O + Ni = NiO + 2Na; 
2 -Na.0 +'I. Mo =%Mo O1+2Na; 
8 -NazO + '1. Fe =% Fe.0, + 2Na; 
4 -NazO + '1. Nb = ll. Nb.0,; ++2 Na; 
6 -Na.0 + IS Cr = 11. Cr.0, '1. ++2Na; 
6 - Na,O + Fe = FeO + 2Na; 
7 -Na20+Ti = TiO+ZNa; 
8 - Ar +kOl + 2Na 

p a r t i c u l a r l y  s t rongly i n  comparison with 

1 1 1 1 I - I  1 9 1 

1300 L 70 
t:c 

Figure 62.  Change i n  Free Energy o f  
System as  a Result o f  Reaction ( I  I .28) 
O f  Metal Oxides W i t h  Potassium. 

1 -KzO + FC = FcO + 2K; 
2 -K,O + Ni = NiO + 2K; 
3 - I<~O+'lz MO = 'I*MOO, + 2K; 
4 -KzO +'I. FC = '1, FCSO~+ 2K; 
6 -KzO +'Is Nb = */a NZ04 + 2K; 
'6  -KIO + %Cr = '1. CrlO. + 2 K ;  
7 -K.o+ Ti = Ti0 + 2i.L; 
8 -KIO + '1, Zr =I 'Il Zr'h.+ 2K 

a smooth surface (both i n  magnitude 
and i n  dependence on hea t  flow) over a surface with a r t i f i c i a l  depressions 
having expansions a t  t h e i r  lower ends. The bo i l ing  process on surfaces  with 
roughnesses as shown on Figure 65, a,  c ,  d ,  i s  more s t a b l e  than on t h e  
smooth surface.  On rough surfaces ,  as  t h e  heat flow increases ,  t h e  values of 
heat t r a n s f e r  coe f f i c i en t s  approach ct f o r  t h e  smooth surface.  Dr i l l i ng  of /110 
cy l ind r i ca l  depressions (Figure 65, b) and etching of t h e  surface with acid 
did not cause an increase of a i n  t h e  experiments of Marto and 'Rohsenow, nor 

. .  an increase i n  t h e  s t a b i l i t y  of heat  exchange. 

Thus, depending on t h e  f i n i s h  of t h e  heat ing surface,  as t h e  experiments 
of Marto and. Rohsenow on sodium showed, t he  value of the' heat  t r a n s f e r  
coe f f i c i en t  with developed bo i l ing  of a l k a l i  metals may vary j u s t  as i n  non­
me ta l l i c  l i qu ids .  The f i n i s h  of t h e  surface influences t h e  s t a b i l i t y  of 
bo i l i ng  as w e l l .  However, only a s p e c i f i c  roughness, f o r  example t h e  
a r t i f i c i a l  depressions. expanding a t  the bottom, roughness formed by welding 
and some others  have a not iceable  influence on heat exchange during bo i l ing .  
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F i g u r e  6 3 .  Change i n  Free Energy of 

System as  a R e s u l t  of Reaction ( I  1.28) 

of Metal Oxides W i t h  C e s i u m .  Figure 64. Influence of Roughness 


on Heat Transfer During Boiling of 
I -CS20+ '11 MO = '1. MOO. +2C8; Sodium According t o  Data of Marto 
2 -CS,O + '1, Nb 

'Is MOO. +
a -CYsOs + '1. M O  
'Is Nb.0. +2Cs; and Rohsenow [191. 1 ,  Surface w i t h  


+ 2cs; 
4 -CszO + X i  =NiO + 2Cs; depressions expanding downward (see 
6 - Cs,O + Fe = 'I4FelO, + 2Cs; 

Figure 65) ;  2, Rough surface;  
0 - C6,O + '/a Cr = '1. CTzOs + ~CS; 3, Smooth surface.  
7 --Cs,O + Ti=Ti0 + 2Cs 

. .-Geometry..of t h e  Heating Surface 
. . 

On t h e  b a s i s  of experimental da t a  of a number of authors,  we can con­
clude t h a t  t h e  dimensions.of t h e  heating surface (over a broad range),  of t h e  
l i qu id  column and o r i en ta t ion  of t he  surface,  excluding cases when it i s  
d i f f i c u l t  f o r  vapors t o  leave the  surface [103], have no influence on t h e  
heat t r a n s f e r  coe f f i c i en t  during bubble bo i l ing  of ordinary l i qu ids .  The 
values of t h e  hea t  t r a n s f e r  coe f f i c i en t s  during bo i l ing  of sodium produced 
i n  experiments on a f la t  surface as a whole, as we can s e e  from Figure 55, 
agree s a t i s f a c t o r i l y  with t h e  values of a produced i n  experiments with 
bo i l ing  of sodium on the  surfaces  of horizontal  tubes.  . 

Figure 66 shows t h e  r e l a t i v e  increase i n  t h e  heat t r a n s f e r  coeff ic ient  
during bo i l ing  i n  comparison t o  t h e  heat  t r a n s f e r  coe f f i c i en t  during con­
vect ion f o r  water and sodium as appl icable  t o  t h e  design of t he  i n s t a l l a t i o n  
of t h e  authors (Figure 10, 24). For sodium, t h e  heat  t r a n s f e r  coe f f i c i en t s  
were calculated using formulas (11.4), (11.17), and f o r  water they were 
calculated using t h e  formulas 
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Figure  65. Photographs of Microsections o f  Working Sectors Used by 
Marto and Rohsenow [191; a ,  Roughness formed by w e l d i n g ;  c,, Porous 
nickel ;  b ,  Cylindrical depression (diameter 0.1 mm,  d e p t h  0 .5  mm); 
d ,  Depression expanding a t  t h e  bottom (min imum diameter 0.1 mm, d e p t h  
0.6 m m ) .  

.a = 414 &:la, (11.29) 

(11.30) 


which are presented i n  [ 8 8 ] .  

We can s e e  from Figure 66 t h a t  f o r  water t h e  heat  t r a n s f e r  coe f f i c i en t  
during bo i l ing  increases  i n  comparison with ci during convection e s s e n t i a l l y  
more r ap id ly  than f o r  sodium. This i nd ica t e s  t h a t  t h e  r e l a t i v e  contr ibut ion 
of convection t o  t h e  heat t r a n s f e r  coe f f i c i en t  during bo i l ing  of t h e  metals 
i s  g r e a t e r  than during bo i l ing  of non-metallic l i qu ids .  The d a t a  produced 
on various i n s t a l l a t i o n s  f o r  heat  t r a n s f e r  during bo i l ing  may d i f f e r  somewhat 
from each o the r ,  p a r t i c u l a r l y  a t  low heat flows (when the-number of a c t i v e  
centers  of vapor formation i s  small) ,  s ince  the  heat t r a n s f e r  coe f f i c i en t  
with f r e e  convection i n  t h e  laminar area depends on t h e  geometry of t h e  
working s e c t o r  (Nu -Gr1I4).With increasing heat  flow, t h i s  difference 
should decrease. 
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Contact'Time o f  Heating Surface t o  Heat 
Transfer Medium- _- -

We know from our experiments on non-metallic 
l i qu ids  t h a t  t h e  coe f f i c i en t  of heat t r a n s f e r  
with bubble bo i l ing  may change s l i g h t l y ,  p a r t i c ­
u l a r l y  i n  the  i n i t i a l  period of operation. 
This i s  r e l a t e d  t o  a change i n  t h e  number of 
a c t i v e  centers  of vapor formation as a r e s u l t  of 
degassing of t h e  surface and p r e c i p i t a t i o n  of 
impuri t ies  on t h e  heating surface.  

For a l k a l i  metals,  a change i n  heat exchange 
with time should a l so  be expected, s ince  they 
may i n t e r a c t  with t h e  heat ing surface.  

Let us analyze the  change i n  heat t r a n s f e r  
with time i n  expeFiments on sodium. Figure 67 
shows t h e  dependence of t h e  heat  t r a n s f e r  
coe f f i c i en t  on time during bo i l ing  of sodium on 
a surface of s t a i n l e s s  s t e e l  with constant 
temperature and heat  flow, produced i n  t h e  experi-

F i g u r e  6 6 . .  Relative ments of t h e  authors.  Before t h e  beginning of 
Increase i n  Heat Trans- t h e  experiments, t he  surface was contacted with 
f e r  Coefficient During l i qu id  sodium f o r  approximately 23 hours. During 
Boiling i n  Comparison t h e  first 8 hours of performance of experiments, 
t o  Heat Transfer Coef- a l t e r n a t i o n  of convection and unstable bo i l ing  
f i c i e n t  Dur ing  Convection occurred (Figure 67, 68), while during t h e  last  
Under Conditions of Free 9 hours heat removal was exclusively by con-
Convection As A Function vection without bo i l i ng ,  with the  same q and tZ.  
of Relative Temperature Then experiments were performed with d i f f e r e n t  
Head for  Water (1) and hea t  f luxes (these da t a  a r e  shown on Figure 46).
Sodium (2)  a t  A t m o s - Unstabre bo i l ing ,  replaced with convection, began
pheric pressure.  only a t  q = 0.8 - l o 6  kcal/m2-hr (point 2 on 
A t c , ,  temperature head Figure 46). In  another s e r i e s  of experiments 

(Figure 69) f o r  10 hours ( a t  q = 1.09*106 kcal/  /113
'corresponding t o  q c r .  	 m2*hr and tZ -700°C) only unstable  bo i l ing  

occurred. 

In t h e  experiments of t h e  authors whose r e s u l t s  a r e  presented on Fig­
u r e  43, heat  removal occurred with developed bo i l ing .  Only at  t h e  end of 
t h e  experiments (point 16) did b o i l i n g  cease f o r  a c e r t a i n  amount of t i m e  
at q - 0.9*106 kcal/m2*hr, whereas a t  t h e  beginning bo i l ing  occurred a t  
lower heat f luxes.  The contact time of t h e  heating surface with the  sodium 
before these  experiments was approximately one-half t h a t  before t h e  experi­
ments whose r e s u l t s  a r e  shown on Figure 69. 
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Figure 68. Recording of Temperature Difference Between 

Wall and Liquid for Point 4 Shown on Figure 67. 
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Figure 69. Dependence of Heat Trans­
f e r  Coefficient Dur lng  Boil i n g  o f  
Sodium on T i m e .  Data of t h e  ,'authors: 
q = 1.09-106 kcal/m2-hr, t Z  = 700°C. 

q,kcal/m2hr 

Figure 70. Time Dependence of Heat 
Transfer Coeff ic ient  During.Boi1­
i n g  of Sodium (a.10 kcal/ 
m2*hroC). Data of  Marto and 
Rohsenow [ 191. 

Figure 70 shows experi­
mental da t a  on heat t r a n s f e r  
during bo i l ing  of sodium on a 
smooth nickel surface,  pro­
duced by Marto and Rohsenow ~ [ 1 9 ] .  
We can see t h a t  f o r  t h e  f i rs t  
experiments t h e  heat t r a n s f e r  
c o e f f i c i e n t s  were higher.  , The 
increased superheating of t he  
sodium with time was observed 
i n  [76, 791 (see Figure 36) .  

Thus, t hese  d a t a  ind i - /114 
c a t e  t h a t  an increase (appar­
e n t l y  t o  a c e r t a i n  l i m i t )  of 
t h e  contact time of t h e  heating 
surface (of s t a i n l e s s  s t e e l  o r  
nickel)  with sodium leads,  with 
otherwise equivalent conditions,  
t o  an increase i n  the  i n s t a b i l ­
i t y  of heat exchange during 
bo i l ing  and an increase of t h e  
heat flow required t o  maintain 
bo i l ing .  

This influence of contact 
time of t h e  heating surface 
with sodium may be r e l a t e d  t o  
reduction of oxides on the  
heating surface by t h e  sodium. 
If t h i s  i s  so,  then as time 
passes s t a b i l i z a t i o n  of t h i s  
process should occur. If t h e  
mater ia l  of t h e  heating surf  ace 
reduces oxides of t h e  metal 
being bo i l ed ,  t h e  influence of 
contact time should be d i f ­
f e r e n t  than t h a t  analyzed above. 

Furthermore, w e  should keep i n  mind t h a t  with extended contact (thousands of 
hours) t h e  roughness of t h e  surface may change markedly as a r e s u l t  of 
corrosion of t h e  s t r u c t u r a l  ma te r i a l .  

Content o f  Impurities i n  t h e  Metal Boiled 
-_ _  -. - _  

The corrosive inf luence of a l k a l i  metals on s t r u c t u r a l  mater ia ls  depends 
on t h e  content of  such corrosion ac t ive  impuri t ies  as oxygen, nitrogen, 
carbon and hydrogen [99]. Therefore, t h e  content of these impuri t ies  may 
influence hea t  exchange during t h e  bo i l ing  of a l k a l i  metals by changing t h e  
s ta te  of t h e  surface of t h e  heat ing wall by corrosion. A t y p i c a l  impurity f o r  
a l k a l i  metals i s  t h e i r  oxides. 
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The experiments of t h e  authors on sodium have shown t h a t  a change i n  
t h e  oxygen ,content i n  sodium of t o  10-1 % by weight has no influence on 
hea t  t r a n s f e r  during t h e  time of performance of t h e i r  experiments, which did 
not exceed 100 hours. The content of oxygen i n  a lka l i  metals,  i n  addi t ion 
t o  corrosion, may a l so  inf luence heat  exchange by bo i l ing  as follows. 

1. When t h e  content of oxides exceeds t h e  s o l u b i l i t y  l fmi t  at a given 
temperature, t he  oxides may p r e c i p i t a t e  on t h e  heat ing surface.  This may 
change t h e  p rope r t i e s  of t h e  surface (we t t ab i l i t y ,  roughness) and cause 
addi t ional  thermal r e s i s t a n c e  [104]. Figure 71 shows curves of t h e  solu­
b i l i t y  f o r  sodium and potassium. In our experiments, t h e  content of oxides 
i n  sodium was below t h e i r  l i m i t  of  s o l u b i l i t y  a t  t h e  experimental tempera­
t u r e s .  

2. Depending on t h e  content of oxygen, t h e  thermo-physical propert ies  of 
t h e  a l k a l i  metals, p a r t i c u l a r l y  surface tension,  may change. 

However, as i s  noted i n  [106], an increase i n  t h e  content of oxides i n  
sodium up t o  t h e  l i m i t  of s o l u b i l i t y  at. t h e  temperature used, decreases 
surface tension by only 8-10%. Otherthermo-physical propert ies  of sodium also/115 

should not be s t rongly dependent on 
t h e  content of oxides i n  t h e  sodium. 

C 0 2 ,  weight % co2s weigh t  % Therefore, t h e  change of heat 
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physical propert ies  of a l k a l i  metals 
r e s u l t i n g  from changes i n  t h e  oxide 
content,  within t h e i r  l i m i t s  of 
s o l u b i l i t y  should not influence 
heat t r a n s f e r  during bo i l ing .  

In a l k a l i  metals we may a l so  
f ind  such impuri t ies  as  n i t r i d e s  and 
hydrides. Experiments performed a t  
t h e  Physics and Energy I n s t i t u t e  by 
M .  N .  Ivanovskiy e t  a l . ,  have shown 
t h a t  a t  high temperatures, hydrogen 
is  l ibe ra t ed  from hydrides.  Due t o  
technological considerations,  t hese  
gases are usual ly  removed from t h e  
system. However, i f  hydrogen which 
is  l i be ra t ed  remains, it may influence 
heat  exchange during bo i l ing  i n  t h e  

Figure 71. So ub i  i t y  of Oxygen same way t h a t  an i n e r t  gas does. 

i n  Sodium [661 and Potassium' 11053. Influence of an Inert Gas 

The experiments of t h e  authors 
performed on sodium and potassium have shown t h a t  t h e  presence of an i n e r t  
gas (argon was used) s t a b i l i z e s  t h e  bo i l ing  process.  In experiments when t h e  
i n e r t  gas was absent and sodium was held under t h e  pressure of i t s  own vapors, 
developed bo i l ing  of sodium began only a t  pressures over 0.5 atm. abs. with 
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heat  f luxes over 1.1-106 kcal/m2*hr. In t h i s  s e r i e s  of experiments, t h e  
bo i l ing  of sodium under t h e  pressure of i t s  own vapors was characterized by 
i n s t a b i l i t y  (spontaneous t r a n s i t i o n  from one mode of heat removal t o  another) 
throughout t h e  e n t i r e  invest igated range of pressures (approximately 0.5-1.5 
a t m .  abs.) and heat f luxes (up t o  qcr). Heat removal was achieved primarily 

by convection with subsequent l i b e r a t i o n  of heat by evaporation from t h e  f r e e  
surface o r  by unstable bo i l ing .  When t h e  b o i l i n g  of t h e  sodium occurred 
under an i n e r t  gas (argon) , t h e  pressure of which corresponded approximately 
t o  the  sa tu ra t ion  pressure,  developed bo i l ing  began a t  a pressure of 
approximately 0.015 atm. abs. with a heat  f l u x  of about 0.5*106 kcal/m2-hr /116 
and exis ted s t a b l y  throughout t h e  e n t i r e  invest igated range of pressures  
(approximately 0.015-1.5 atm. abs .). A similar p i c t u r e  w a s  observed i n  
experiments on potassium. 

ci = 1 0-4. kca 1 /m * h r'C 

I 
_ .  _ _  I -. 

0.. 1 0 . 2  0 . 4  0 . 6  0 . 8  1. a 
q kcal/m2-hr 

Figure 72.  Influence of Gas on Heat 
Transfer Coefficient W i t h  DevelopedBoiling of Sodium. Data of t h e  
authors. 1 ,  Experiments under gas;  
2 ,  Experiments under pressure o f  
sodium vapors ( tZ= 910 ? 20°C). 

The values of heat t r ans ­
f e r  coe f f i c i en t s  produced i n  
experiments with developed 
bo i l ing  of sodium under the  
pressure of i t s  own vapors were 
somewhat lower than t h e  values 
of c1 produced i n  experiments 
under gas (Figure 72). With 
potassium, we produced values 
of c1 only by bo i l ing  beneath 
t h e  pressure of i t s  own vapors. 

In t h e  experiments of 
Bonilla [20], bo i l ing  of potas­
sium i n  t h e  range o f  pressures 
of 1-2  a t m .  abs. occurred under 
argon and only one experiment 
was performed- with bo i l ing  of 
potassium under t h e  pressure of 
i t s  own vapors. The value of 
heat  t r a n s f e r  coe f f i c i en t  pro­
duced was approximately t h e  
same as t h e  value of c1 produced 
by bo i l ing  potassium under 
argon. On t h i s  b a s i s ,  it i s  

concluded i n  1201 t h a t  t h e  i n e r t  gas has no influence on t h e  value of ci during 
t h e  bo i l ing  of potassium. However, we f e e l  t h a t  it i s  a b i t  e a r l y  t o  make 
t h i s  conclusion on t h e  b a s i s  of but a s i n g l e  experiment. In other  works, 
experiments on heat t r a n s f e r  during bo i l ing  of a l k a l i  metals were performed 
e i t h e r  only under t h e  pressure of t h e  vapors of t h e  bo i l ing  metal o r  only 
under t h e  pressure of t h e  i n e r t  gas.  We do not f e e l  t h a t  t hese  da t a  can be 
used t o  determine t h e  influence of t h e  gas on hea t  t r a n s f e r  during bo i l ing  of 
a l k a l i  metals,  s ince  they may be influenced t o  t h e  same extent by other  
f a c t o r s  as well .  
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Thus. t h i  ana lvs i s  of exDerimenta1 work i n d i  a t  es t h a t  heat exchange 
during b o i l i n g  of a lkal i  metal;, i n  addi t ion t o  pressure,  may be influenced 
by such f a c t o r s  as t h e  material ( s t a b i l i t y ,  heat  removal mode), f i n i s h  of 
t h e  heat ing surface ( s t a b i l i t y ,  heat  removal mode, l eve l  of a), time of con­
t a c t  of heating surface with a l k a l i  metal ( s t a b i l i t y ,  heat removal mode), 
fmpuri t ies  ( s t a b i l i t y ,  heat  removal mode, l eve l  of a), i n e r t  gas ( s t a b i l i t y ,  
hea t  removal mode, l eve l  of a) and t o  a c e r t a i n  extent by t h e  design 
(geometry) o f  t h e  i n s t a l l a t i o n .  However, q u a n t i t a t i v e  d a t a  on t h e  influence 
of t hese  f a c t o r s  on heat t r a n s f e r  during bo i l ing  of metals a r e  as yet  
sparce.  

In conclusion we note t h a t  with moderate vapor contents,  (up t o  approxi­
mately 20%), t he  values of heat t r a n s f e r  c o e f f i c i e n t s  during bo i l ing  of 
potassium i n  pipes ,  according t o  t h e  da t a  of [23:26, 301 a r e  approximately 
t h e  same as during bo i l ing  i n  l a rge  volumes. I t  can be expected t h a t  a 
similar p i c t u r e  w i l l  be  observed f o r  other  a l k a l i  metals. 

Heat Transfer During Boil i n g  of Mercury and .Amalgam-. . . .  

The quant i ty  of d a t a  on heat  t r a n s f e r  during bo i l ing  of  mercury i s  
q u i t e  l imited.  The l ist  of works analyzed is presented i n  Table 1 1 . 2 .  

The authors have produced experimental da t a  on heat t r a n s f e r  during 
bo i l ing  of mercury of very f l a t  horizontal  surface.  The bo i l ing  of mercury 
occurred i n  a tank with an i n t e r n a l  diameter of 45 mm, t h e  lower end of 
which contains t h e  heating wall, as shown on Figure 11, c .  The copper which 
ca r r i ed  t h e  thermocouples was separated from t h e  mercury by a wall of Armco 
i ron  0.3 mm th i ck .  F i l m  bo i l ing  occurred f o r  approximately 40 hours. The 
temperature of t h e  working s e c t o r  was maintained between 700 and 970"C, t he  
temperature of t h e  l i qu id  a t  360°C. Then, heat exchange improved. However, 
as was determined upon completion of t h e  experiments, t h e  A&co i ron  had. 
broken down over a port ion of t h e  working surface area and'the mercury con­
tacted t h e  copper d i r e c t l y .  The r a t e  of so lu t ion  of i ron  i n  mercury depends 
on the  temperature and the content of oxygen [107]. In t h e  experiments i n  
which t h e  hea t  t r a n s f e r  was s tudied,  t h e  bo i l ing  of mercury occurred under 
t h e  pressure of i t s  own vapors a t  P approximately 5 atm. abs.  These d a t a

S 

should be looked upon as preliminary.  

The bo i l ing  of mercury on s t e e l  surfaces  usual ly  does not involve f & l m  
boi l ing.  This r e s u l t s  from t h e  f a c t  t h a t  mercury 'does not wet oxide firms 
[4, 91. The formation of oxide f i l m s  on t h e  s t e e l  surface i n  a i r  occurs i n  
a f r a c t i o n  of a second [4]. However, a f r e sh  s t e e l  f r a c t u r e  made beneath 
a l aye r  of mercury i s  w e t  by t h e  mercury [4] .  

In t h e  work of M .  I .  Korneyev [6] t h e  following formula i s  suggested 
f o r  t h e  heat t r a n s f e r  coe f f i c i en t  with f i l m  bo i l i ng  of mercury a t  atmospheric 
pressure f o r  heat  f luxes up t o  approximately l o 5  kcal/m2-hr: 

a = 2.76 10'0 q-1.68. (11.33) 
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TABLE 11.2 

reference, pressure o f  heat f ormu 1 as work ing sec to r  
year of  inves t . f 1ux- in­
pub1 i c a t i o n  (atm.abd.) vest., I 

k c a l /  

0.01-0.1 a = 0,36q0*847 Copper tube. 

e t  a l . ,  0.34 
[ l o1  ,
1957 

0.019­
4 1.09 0.54 

Formula 

constantan thermocoup1es 
l oca ted  through he igh t  o f  
sec tor .  Heat supp l i ed  from 
p l a t e  so ldered t o  sec tor  
(see F igure  6).  Tank diam. 
76 mm. 

Mercury . 

a f t e r  severa 1 
weeks opera t i on  w i t h  
f i l m  b o i l i n g .  

Mercury + 0.02% 
Mg + 0.0001% Ti,. 



Bubble bo i l ing  of mercury without addi t ion of s u r f a c t a n t s  occurred i n  
t h e  experiments of Bonilla [ lo]  on a carbon steel surface,  i n  t h e  experi­
ments of M. I .  Korneyev '161 on a copper surface and i n  t h e  experiments of 
t h e  authors. In t h e  experiments of_,Boni&la [ lo] ,  s t a b l e  bubble bo i l ing  of 
mercury was observed after extended (several  weeks) f i l m  bo i l i ng .  Bubble 
bo i l ing  is possible  i n  addi t ion t o  f i l m  b o i l i n g  with forced movement of 
mercury through carbon s t e e l  tubes [4 ,  51. L. N .  Gel 'man [5'] notes t h a t  
"good heat exchange could never be achieved immediately after beginning of 
operation. Only s ign i f i can t  over heat ing of t h e  wall /by about 250 OC 
leads t o  p a r t i a l  d i s rup t ion  of cont inui ty  and dens i ty  of t h e  f i l m ,  and a f t e r  
60-80 hours operation with considerable ve loc i ty  of t h e  vapor-mercury mixture 
(40-60 m/sec) did good heat  exchange begin" (CY,,-l o 4  kcal/m2*hr"C with 
q - 6 5 0 1 0 ~kcal/m2*hr). ,The improvement of heat  exchange i s  explained i n  
[4, 5, 101 by removal of t h e  oxide f i l m  from t h e  surface.  In [12] ,  heat 
exchange during t h e  b b i l i n g  of mercury i n  a s t a i n l e s s  s t e e l  tube was 
s tudied.  Upon dismantling of t h e  i n s t a l l a t i o n  after 100 hours operation i n  
t h e  bo i l ing  mode, which was preceded by 100 hours operation without boi l ing,  
no t r a c e s  of wetting of t h e  surface with mercury were observed, although t h e  
wall temperature reached 700-760°C. The values of t he  heat t r a n s f e r  coef­
f i c i e n t s  produced i n  these  experiments were e s s e n t i a l l y  lower than t h e  values 
of CY c h a r a c t e r i s t i c  f o r  bubble bo i l ing .  Hochman [108], on t h e  bas i s  o f  
analysis  of da t a  from t h e  l i t e r a t u r e ,  concluded t h a t  under t h e  proper con­
d i t i o n s  wetting of t h e  steel  surface with mercury can be achieved, but i n  
order  f o r  t h i s  t o  occur both t h e  su r face  and t h e  mercury must be q u i t e  pure. 
However, [lo81 gives no information on temperature conditions.  

In order  t o  improve t h e  wetting of steel  surfaces  w'ith mercury, small 
q u a n t i t i e s  [of surfactants  a r e  added t o  the  mercury. ]Magnesium, magnesium plus
ti tanium and l e s s  f requent ly  sodium are used f o r  t h i s  purpose. During 
bubble bo i l ing  of magnesium amalgams over a copper surface under na tu ra l  
c i r c u l a t i o n  conditions,  hea t  f luxes up t o  1.6-106 kcal/m2*hr have been 
achieved [113. 

In order t o  c a l c u l a t e  t h e  heat  t r a n s f e r  c o e f f i c i e n t s  with bubble bo i l ing  
of mercury and amalgam under conditions of f r e e  convection and with forced 
c i r c u l a t i o n  (with a vapor content by.weight of up t o  10%) i n  t h e  pressure 
range from 0.07 t o  11 atm. abs. ,  t h e  following formula is suggested i n  [lo91 : 

= 2.13~0.7  ~ : - 3  (11.34) 

This formula was produced by processing experimental da t a  on heat t r a n s f e r  /120 

during bo i l ing  of mercury under conditions of f r e e  convection presented i n 

[ lo] ,  and experimental da t a  on heat  t r a n s f e r  during bo i l ing  of amalgams under 

conditions of f r e e  convection and i n  pipes presented i n  [6, 8 ,  111. 


Figure 73 shows experimental d a t a  of t h e  authors on t h e  heat t r a n s f e r  
observed during bo i l ing  of mercury and t h e  dependences described by formulas 
(11.31), (11.32) and (11.34). If dependence (11.32), describing t h e  experi­
mental da t a  of M .  I. Korneyev on heat  t r a n s f e r  during bo i l ing  of mercury on 
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t h e  surface of a horizontal  
copper tube a r e  extrapolated 
(dotted l i n e )  t o  t h e  area of 
higher heat, flows, it would 
agree well with our experimental 
da t a .  The values of heat t r ans ­
f e r  coe f f i c i en t s  calculated 
from formula (11.31) and t h e  
values of a caiculated from 
formula (11.34) f o r  5 a t m .  abs. 
( the mean pressure i n  t h e  
experiments f o r  which t h e  
po in t s  on Figure 73 a r e  con­
s t ruc t ed )  f a l l s  somewhat higher.  

A change i n  t h e  content 
of ma nesium i n  mercury from 
l - lC~-~t o  4 0 1 0 - ~ %by weight, 

0.5 LO z according t o  t h e  data  of M .  I .  
q 1O e 6 ,  kca 1 /m2hr 

F i g u r e  73. Experimental Data o f  t h e  
Authors on Heat Transfer During 
B o i l i n g  of  Mercury Under Conditions 
o f  Free Convection (P- approximately

5 

5 atm.. abs . ) .  I ,  According t o  
Forpula ( 1  I .32); I I ,  According t o  
Formula (11.31); i l l ,  According to 
Formula ( I  I . 3 4 ) .  

Korneyev [6, 71, leads t o  no 
change i n  t h e  heat t r a n s f e r  / 1 2 1  
c o e f f i c i e n t s .  In experiments 
[6, 71 on heat t r a n s f e r  during 
bo i l ing  of amalg-&non t h e  sur­
f ace  of a horizontal  tube,  the 
i n t e n s i t y  of heat exchange 
d i f f e red  around t h e  perimeter
of t h e  tube.  The absolute values 
.of heat  t r a n s f e r  coefficien$s 
on t h e  upper generatr ices  of the 
tube were approximately t h r e e  

times t h e  values of a on t h e  lower generatr ices .  The values of heat  t r a n s f e r  
c o e f f i c i e n t s  on t h e  upper generatr ices  of the’  tube were the same as f o r  a 
v e r t i c a l l y  placed tube. 

Figure 74 shows experimental da t a  on heat t r a n s f e r  during bo i l ing  under 
conditions of f r e e  convection of mercury and amalgam as a function of pres­
sure .  With pressures  approximately up t o  atmospheric pressure,  according 
t o  t h e  experimental d a t a  of Bonilla both f o r  mercury and f o r  amalgam, t h e  
heat  t r a n s f e r  coe f f i c i en t  depends on t h e  pressure t o  approximately-the 0.3 
power (a - P:’”) . With pressures above atmospheric, t h e r e  a r e  i n s u f f i c i e n t  
d a t a  ava i l ab le  t o  determine t h e  dependence of u on Ps. Possibly a t  pressures 

over atmospheric t h e  dependence of t h e  coe f f i c i en t  of heat  t r a n s f e r  on pres­
s u r e  during bo i l ing  of mercury and amalgam w i l l  be  weaker than a t  pressures 
below atmospheric. 

For example, M .  I .  Korneyev [6-81 notes t h a t  as  t h e  pressures change 
from 1 t o  10 a t m .  abs. ,  t h e  coe f f i c i en t  of heat t r a n s f e r  increases by 
approximately 20%. This increase i n  a corresponds t o  t h e  dependence of a on 
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Ps t o  approximately t h e  0.1 power (a  - Pz ' l ) .  For t h e  a l k a l i  metals analyzed 

above a t  pressures up t o  approximat'ely Pcr, t h e  dependence of t h e  heat 
t r a n s f e r  coe f f i c i en t  on pressure is considerably s t ronger  ( a  - P z ' 4 )  than at 

higher  pressures  ( a  -
S 

within t h e  l i m i t s  of t h e  pressure range inves t i ­

gated. For mercury, a corrected pressure of corresponds t o  an 
absolute pressure of approximately 1.6 atm. abs. [110]. 

We can s e e  from Figure 74 t h a t  t h e  da t a .o f  Bonilla and Lyon produced by 
b o i l i n g  amalgam are approximately twice as high as t h e  d a t a  of  Bonilla 
produced by bo i l ing  mercury. Formula (11.34) is produced without consider­
ing t h e  d a t a  of Bonilla [lo] and Lyon [9] on heat t r a n s f e r  during bo i l ing  
of -amalgam. Formula (11.34) e s s e n t i a l l y  describes only t h e  d a t a  of Bonilla 
[ l o ]  on fieat t r a n s f e r  during bo i l ing  of mercury. 

Therefore, considering what w e  have s a i d  concerning t h e  dependence of 
t h e  heat  t r a n s f e r  coe f f i c i en t  on pressure a t  pressures  above atmospheric, 
formula (11.34) cannot be considered s u f f i c i e n t l y  well founded f o r  calcu­
l a t i o n  of heat t r a n s f e r  c o e f f i c i e n t s  during bo i l ing  of mercury and amalgam 
i n  t h e  range of pressures  indicated i n  [log].  

I t  is noted i n  [20] t h a t  Av-Eri and Bonilla boiled mercury with t h e  
addi t ion of 0.1% sodium a t  atmospheric preskuke on a surface with varying 
roughness. I n  s p i t e  of attempts of produce reproducible r e s u l t s ,  s i g n i f i ­
cant divergence of d a t a  occurred even on two smooth surfaces. An increase 
i n  t h e  values of heat  t r a n s f e r  coe f f i c i en t  was noted as a r e s u l t  of scratch­
ing t h e  heating surface,  t h e  optimal dis tance between p a r a l l e l  scratches 
being approximately two separat ion diameters, calculated using the  formula 
of F r i t z  [lll] [see Formula IV.28). Within the  range of heat f luxes inves t i ­
gated (up t o  approximately 2 . 7 0 1 0 ~kcal/m2*hr), t he  inf luence of roughness 
increases  with increasing heat  f l u x .  

We can make t h e  following conclusions from the  works we have analyzed. 
F i l m  bo i l ing  of mercury on s teel  surfaces  is a r e s u l t ,  as is noted i n  t h e  
works c i t e d ,  of t h e  i n a b i l i t y  of mercury t o  wet t h e  oxide films covering 
t h e  surface.  Upon contact with mercury, t h e  oxide f i l m s  on t h e  s t e e l  sur­
faces are disrupted and mercury begins t o  wet the  surface.  The ,time 
required f o r  d i s rup t ion -o f  t h e  f i l m  depends on t h e  temperature level,  mercury 
ve loc i ty  (with forced c i r cu la t ion )  and surface material ( for  example carbon 
or s t a i n l e s s  steel) .  The na tu re  of t he  dependence of t h e  heat  t r a n s f e r  
coe f f i c i en t  on t h e  heat  flow with bubble bo i l ing  of mercury and amalgam is  
approximately t h e  same as f o r  water. Further i nves t iga t ions  on t h e  influence 
of various f a c t o r s  on hea t  exchange during bo i l ing  of mercury are necessary. 
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Figure 74. Heat Transfer Coefficient as a Function of Pressure 
During Boiling of Mercury and Amalgam According t o  the Data of 
Various Authors. 1,  Amalgam, data of Lyon [9]; 2 ,  Amalgam and 
3 ,  Mercury, data of Bonilla [ l o ] ;  4, Amalgam, data of Korneyev
[6-81; 5, Mercury (data of the authors). " 

.~ - . .  with .Comparison =of Experimental Data.. . - . .Gene-rS-Formulas 

At the present time, a large number of general formulas have been 
published for calculation of heat transfer and critical heat fluxes during
boiling. From the point of view of methodology of production of these 
formulas, they can be divided into three .groups. 


1. .Formulasproduced using methods from the theory of similarity or 

the theory of dimensionalities. 


2. Formulas produced on the basis of the theory of thermodynamic
similarity of materials. 

3 .  Semi-empirical1and theoretical formulas. 

Some of the formulas which we have placed in the first group are sometimes 

referred to in the literature as semi-empiricalformulas. 
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General formulas f o r  t h e  ca l cu la t ion  of hea t  t r a n s f e r  c o e f f i c i e n t s  
during bo i l ing  using t h e  methods of t h e  theo r i e s  of s i m i l a r i t y  o r  dimension­
a l i t i e s  have been produced, f o r  example, by 
G. N. Kruzhilin [112, 1131 

(11.35) 

S. S. Kutateladze [114] 

(11.36) 

F .  P.  Minchenko [ l lS]  /124 

(11.37) 

I .  T. Alad'yev [23, 1161 

(11.38) 

and many o the r  authors.  

The c o e f f i c i e n t s  i n  formulas (11.35)'- (11.37) were produced on t h e  b a s i s  
of processing of experimental da t a  on hea t  t r a n s f e r  during bo i l ing  of non­
m e t a l l i c  l i qu ids ,  while formula (II..38) i s  recommended f o r  calculat ion of 
heat t r a n s f e r  during bo i l ing  of metals [23]. 

Data on heat  exchange during bo i l ing  can be generalized on t h e  bas i s  of 
t h e  theory of thermodynamic s i m i l a r i t y  of mater ia ls  [94, 117-1211. I .  I .  
Novikov [117] notes t h a t  f o r  complete s i m i l a r i t y  of t h e  processes of heat  
t r a n s f e r  i n  various l i qu ids ,  it is. necessary first of a l l  t h a t  t h e  l i qu ids  
be thermodynamically similar, secondly t h a t  they be i n  corresponding states 
and t h i r d l y  t h a t  they have equal values of s i m i l a r i t y  c r i t e r i a  character iz ing 
t h e  conditions t h a t  t h e  "liquid-solid" boundary. In p r a c t i c e ,  t hese  con­
d i t i o n s  can usual ly  be f u l f i l l e d  on ly  approximately. V .  M .  Borishanskiy [94] 
represented experimental data  on heat  t r a n s f e r  during bo i l ing  of ordinary 
l i qu ids  i n  t h e  form of t h e  dependence 

(11.39) 

where a
P 

= a/qn at pressure P,  and c1
P* 

= a/qn a t  some standard pressure P*. 

In  order t o  determine t h e  heat  t r a n s f e r  coe f f i c i en t  using (11.39), t h e  value 
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of a must be known at  one pressure.  In [120], formula is produced f o r  
calculat ion of heat t r a n s f e r  c o e f f i c i e n t s  during bo i l ing  using t h e  c r i t i ca l  
parameters 

(11.40) 


The values of constants and exponents i n  formula (11.40) have been found 
by comparison with experimental da t a  on heat  t r a n s f e r  during bo i l ing  of 
nonmetallic l i qu ids .  

The t h i r d  group includes formulas produced, f o r  example, i n  [122-1291.
In p a r t i c u l a r ,  D .  A. Labuntsov [122,  1291 suggested a formula f o r  ca l cu la t ion  
of heat t r a n s f e r  during bo i l ing  of metals which f o r  pressures considerably
below t h e  c r i t i c a l  pressure has the form 

(11.41) 

Comparison of experimental da t a  on heat t r a n s f e r  during bo i l ing  of water and 
organic l i qu ids  with t h e  calculated values of heat  t r a n s f e r  coe f f i c i en t s  from 
t h e  general formulas produced by t h e  methods of t h e  theory of s i m i l a r i t y  and 
dimensionalit ies i nd ica t e s  t h a t  they can be s i g n i f i c a n t l y  d i f f e r e n t  from each 
other  [116, 130, 1311. The dependences produced on t h e  b a s i s  of t h e  theory
of approximate thermodynamic s i m i l a r i t y  of mater ia ls ,  f o r  example (11.39), 
(11.40) describe t h e  experimental d a t a  f o r  non-metallic l i qu ids  which t h e i r  
authors present s a t i s f a c t o r i I y .  The formulas which we have relaTed t o  t h e  
t h i r d  group provide no advantage as t o  accuracy of ca l cu la t ion  of heat 
exchange i n  comparison with formulas produced by other  methods. However, 
they a r e  of doubtless i n t e r e s t  i n  t h e  methodological respect .  

The work of Hygmark 11321, who performed (computerized) s t a t i s t i c a l  
processing of d a t a  on heat  t r a n s f e r  during bo i l ing  of 25 d i f f e r e n t  l i qu ids ,  
f o r  many of them t h e  d a t a  of d i f f e r e n t  authors,  cannot be r e l a t e d  t o  any of 
these groups. The formula which he produced, as Hygmark notes ,  considers 

The formula i sonly t h e  heat physical  p rope r t i e s  of t h e  l i qu id  and vapor. 
not t h e o r e t i c a l l y  well founded, but agrees s a t i s f a c t o r i l y  with experimental 
da t a .  

The experimental da t a  on heat t r a n s f e r  with developed bo i l ing  of sodium, 
potassium and cesium_a r e  described by- t h e  general  formulas '(11.26), (11.27). 
Therefore, a comparison of t h e  r e s u l t s  of ca l cu la t ions  using these  general  
formulas with experimental d a t a  can be performed by comparing them with cal­
culat ions by formulas (11.26), (11.27). Comparison of t h e  resul- ts  of calcu­
l a t i o n s  using t h e  general  formulas of G .  N. Kruzhilin (11.35), S. S. 
Kutateladze (11.36), F. P. Minchenko (11.37), I.  T .  Alad'yev (11.38); 
V.  M. Borishanskiy (11.40) and D .  A. Labuntsov (11.41) with ca l cu ia t ions  
using t h e  general  formulas ( I I .26) ,  and (11.27) has been performed f o r  sodium 
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Figure 75. Dependence of Heat Transfer 
Coefficient on Heat Flux During Boiling 
of Sodium Calculated by Various Formulas 
(Ps = 1 atm.abs.). I ,  Formula (11 .27) ;  

(Figure 75, 78), potassium 
(Figure 76, 79) and cesium 
(Figure 77, 80). W e  can see  
from Figure 75 and 76 t h a t  f o r  
sodium and potassium t h e  
formulas of D.  A. Labuntsov 
and I. T. Alad'yev, recommended 
f o r  ca l cu la t ion  of heat trans­
f e r  during t h e  bo i l ing  of 
metals agree r a t h e r  w e l l  with 
t h e  experimental da t a  f o r  t hese  
metals a t  atmospheric pressure.  
However f o r  cesium (Figure 77) 
t h e  d i f f e r e n c e , i n  t h e  values 
of heat t r a n s f e r  coe f f i c i en t s  
c.alculated using the  formulas 
of D .  A .  Labuntsov and I. T. 
AIad'yev a t  atmospheric pres­
s u r e  from the  values of a c a l ­
culated using t h e  empirical 
formula (11.27) is  s i g n i f i c a n t .  
The values of t h e  heat t r a n s ­
f e r  coe f f i c i en t s  calculated 
using t h e  formulas of G .  N .  
Kruzhilin and S.  S. Kutateladze 
whose empirical coe f f i c i en t s  
were produced by processing 
experimental da t a  on heat 
t r a n s f e r  during bo i l ing  of non­
m e t a l l i c  l i qu ids ,  are much 
higher than t h e  experimental 
da t a  f o r  sodium, potassium and 
cesium. The formula of F ;  P.  
Minchenko (II.37), i n  which t h e  
empirical  coe f f i c i en t s  were 
produced a l so  on t h e  bas i s  of 
processing of experimental d a t a  
f o r  heat t r a n s f e r  during 
bo i l ing  of ordinary l i qu ids  a t  /129 
atmospheric pressure agree with 
dependence (11.27) f o r  a l l  t h r e e  
a lka l i  metals b e t t e r  than t h e  
others .  The formula of V .  F .  

I I ,  .FQrmula.( 1 I .40); I I I ,  Formula ( I  1-37)  ; Borishanskiy (11.40), which 
I V ,  Fo-rmula (11.38);  V ,  Formula (11.41);  includes c r i t i c a l  parameters 
V I ,  Formula (11.36);  V I ! ,  Formula ( 1 1 . 3 5 ) .  of t h e  heat  t r a n s f e r  medium, 

produces much lower r e s u l t s  
than t h e  experimental da t a  f o r  sodium, potassikm and cesium,. as we can see 
from Figures 75-77. 
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Figure 7.6. Dependence of Heat Transfer 

Coefficients o n  Heat Flux During Boiling 

of Potassium Calculated by Various 
Formulas (Ps = 1 atm. abs.). I ,  Formula 
(11.27); 1 1 ,  Formula (11.40); I l l ,  
Formula ( I  I .37)  ; IVY Formula ( 1  I .38); 
V ,  Formula (11.41); VI, Formula (11.36);
VI I ,  Formula ( I  I .35). 

Analysis of Figures 78­
80 shows t h a t  t h e  dependence 
of a on pressure (with pres­
su res  above approximately 0.3 
atm. abs. f o r  sodium, 0.1 a t m .  
abs. f o r  cesium and 0.16 a t m .  
abs.  f o r  potassium) according 
to t h e  general  formulas of 
G. N. Kruzhilin (11.35), S. S. 
Kutateladze (11.36), F .  P .  
Minchenko (11.37) and V.  M .  
Borishanskiy (II. 40) is  approxi­
mately t h e  same as those pro­
duced by experiments. With 
pressures  below 0.3 atm. abs. 
f o r  sodium and 0.1 a t m .  abs. 
f o r  cesium according t o  t h e  
experimental da t a  ci depends on 
pressure more s t rongly than 
is indicated by the  general  
formulas. 

Thus, with developed /130 
bo i l ing  of sodium, potassium 
and cesium within the pressure 
ranges i n  which experiments 
have been performed, t h e  heat 
t r a n s f e r  coe f f i c i en t s  can be 
calculated by e i t h e r  u s ing ' t he  
empirical formulas or t h e  
general  formulas (11.26) and 
(11.27). The p o s s i b i l i t y  of 
using formulas (11.26) and 
(11.27) f o r  t h e  calculat ion 
of t h e  heat t r a n s f e r  c o e f f i c i e n t s  
during bo i l ing  of sodium, potas­
sium and cesium a t  higher pres­
su res ,  or during bo i l ing  of 
other  a l k a l i  metals requires  
experimenta1 t e s t i n g  . 

It  must be emphasized
t h a t  f o r  a l k a l i  metals under 
conditions of f r e e  convection, 
i n  addi t ion t o  heat removal 
by developed bo i l ing ,  other  
hea t  removal regimes a r e  pos­
s i b l e :  heat removal by unstable  /131-
bo i l ing  and heat removal by 
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Figure 77. Dependence of Heat Transfer 
Coeff ic ient  on Heat Flux According t o  
Various Formulas Durin"g Boi 1 ing of 
Cesium (Ps = 1 atm.abs.). 1 ,  Formula 

(11.27); I t ,  Formula (11.40); 1 1 1 ,  
Formula'(l1.37); I V ,  Formula (11.38);  
V ,  Formula (11.41); V I ,  Formula (11.36); 
V I  I ,  Formula ( I  I .35). 

convection with subsequent 
l i b e r a t i o n  by evaporation from 
t h e  f r e e  sur face .  For t h i s  
l a s t  mode of hea t  removal, 
t h e  heat  t r a n s f e r  coe f f i c i en t s  
can be calculated using t h e  
formulas f o r  convective heat  
exchange under condi t ions of 
f r e e  convection. With uns tab le  
bo i l ing ,  t h e  t ime-averaged 
values  of heat exchange coef ­
f i c i e n t s  a r e  located between 
t h e  values of a with developed 
bo i l ing  and with convection. 

Figure 81 shows t h e  
dependence of t h e  heat  t r a n s f e r  
coe f f i c i en t  on pressure f o r  
mercury according t o  var ious 
general formulas recommended 
f o r  ca l cu la t ion  of heat  t r ans ­
f e r  coe f f i c i en t s  during bo i l ing  
of l i qu ids .  Comparison of 
Figure 81 with Figure 74 shows 
t h a t  neisher  of t h e  formulas 
analyzed above can be recom­
mended f o r  ca l cu la t ion  of t h e  
hea t  t r a n s f e r  during bo i l ing  /132 
of mercury or amalgam. For 
convenience of comparison, 
Figure 81 shows t h e  dependence 
of a on P according t o  

S 

formula (II.34), which descr i ­
bes t h e  experimental da t a  of 
Bonilla [ lo]  f o r  mercury at  
pressures  below 1 atm. abs. 
q u i t e  well. 

Conclusions 

1. Heat exchange has 
been experimentally invest igated 
f o r  a l k a l i  metals under f r e e  
convection conditions with 
sodium, potassium and cesiwni 
with developed bo i l ing ,  with 
unstable.  bo i l i ng  and with 
convection. When t h e  l i qu id  is 
heated t o  t h e  sa tu ra t ion  
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Ps ,atm. abs. 

Figure 78. Comparison of Dependence of Coeff ic ients  of Heat 
Transfer During Boiling of Sodium on Pressure According t o  
Various Formulas. I ,  Formula ( I  I . 2 6 ) ,  ( 1  1.27) ; I I ,  Formula ( 1  1.40); 
1 1 1 ,  Formula (11.37); I V ,  Formula (11 .38 ) ;  V ,  Formula ( I l i b l ) ;  

V I ,  Formula (11.36);  V I I ,  Formula (11.35) .  

temperature, t h e  existence of a given heat removal mode' depends on t h e  heat  
f lux and pressure,  material  and f i n i s h  of t he  heat ing surface,  contact time 
of t h e  heating surface with t h e  heat  t r a n s f e r  medium and t h e  presence of 
i n e r t  gases,  and a l so  possibly on other  f a c t o r s .  

2. Heat removal of high heat flows by convection with subsequent 
l i b e r a t i o n  of heat  by evaporation from t h e  free surface r e s u l t s  from t h e  
p o s s i b l i t y  of s i g n i f i c a n t  super heating of t h e  l i qu id  on t h e  heat ing surface 
(up t o  100°C and more) and t h e  r e l a t i v e l y  high values of heat  t r a n s f e r  
coe f f i c i en t  f o r  a l k a l i  metals .for convective hea t  removal. In  t h i s  case, 
t h e  ca l cu la t ion  of t h e  hea t  transfer c o e f f i c i e n t s  can be performed using 
formulas f o r  convective hea t  exchange, i n  p a r t i c u l a r  (11.9) f o r  t h e  laminar 
are (Gr < lo8)  and formula (11.5) f o r  t h e  turbulent  area. 

3 .  With developed bo i l ing  of a l k a l i  metals, t h e  heat t r a n s f e r  coef­
f i c i e n t ,  as is t h e  case f o r  bo i l i ng  of non-metallic l i qu ids ,  can be described 
.by t h e  dependence of t h e  type ct = Caqnp. For ca lcu la t ion  of heat  t r a n s f e r  
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Figure 79. Comparison of Dependence of Heat Transfer Coeff ic ients  

During Boil i n g  of Potassium on Pressure According t o  Various Formulas. 

I ,  Formula (11.26) ,  (11.27); 1 1 ,  Formula (11.40); I l l ,  Formula (11.37); 

I V ,  Formula (11.38); V ,  Formula ( 1 1 . 4 1 ) ;  V I ,  Formula (11.36);  

V I  I ,  Formula ( I  1.35). 


c o e f f i c i e n t s  during developed bo i l ing  of sodium, potassium and cesiLim 
within t h e  pressure ranges i n  which experiments with these  metals were per­
formed, w e  can recommend both t h e  empirical formulas (11.18), (11.19), (11.25) 
and (II .20) ,  ( I I . 21 ) ,  respect ively,  and t h e  general  dependences (II .26) ,  
(11.27). The p o s s i b l i t y  of using formula (11.27) f o r  ca l cu la t ion  of heat 
t r a n s f e r  c o e f f i c i e n t s  durin bo i l ing  of sodium, potassium and cesium a t  
pressures  above about 2.10 -E Ps/Pcr, and during b o i l i n g  of Other a lka l i  

metals r equ i r e s  experimental t e s t i n g .  

4 .  Heat removal during unstable bo i l ing  i s  characterized by s i g n i f i ­
cant  pulsat ions of temperature of t h e  heating wall a t  r e l a t i v e l y  low frequency 
(a f r a c t i o n  of one Hz). The time-averaged values of hea t  t r a n s f e r  coe f f i c i en t  
with unstable bo i l ing  l i e  between t h e  values of CY f o r  heat removal with 
developed bo i l ing  and heat  removal by convection. The less the  amplitude 
of t h e  low frequency pulsat ions i n  wall temperature, t h e  more t h e  values of 
heat t r a n s f e r  coe f f i c i en t  approach CY with developed bo i l ing .  The maximum 
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Figure 80. Comparison of Dependences of Heat Transfer Coefficients 
During Boiling of C e s i u m  on Pressure According t o  Various Formulas. 
I ,  Formula (ll.26), (11.27); I I ,  Formula (11.40);  I l l ,  Formula (ll:37); 
i V ,  Formula ( 1 1 . 3 8 ) ;  V ,  Formula (11.41);  V I ,  Formula ( 1 1 . 3 6 ) ;  V I I ,  
Formula ( I  I .35). 

value of temperature pulsat ions of t he  heating wall with unstable bo i l ing  
is equal t o  t h e  difference i n  temperature heads during heat removal by con­
vect ion without bo i l i ng  and with developed bo i l ing .  

5. On s t e e l  surfaces ,  high values of heat t r a n s f e r  coe f f i c i en t s  during 
bo i l ing  of mercury, c h a r a c t e r i s t i c  f o r  bubble bo i l ing ,  can be achieved by 
reduction of oxide f i l m s  on t h e  heat ing surface by t h e  mercury, and by 
addi t ion of su r fac t an t s  t o  the  mercury. The p o s s i b i l i t y  and time of reduction 
of oxide f i l m s  by t h e  mercury depend on t h e  temperature, surface mater ia l ,  
degree of p u r i t y  of t h e  mercury and other  f a c t o r s .  The nature  of t h e  depend­
ence of heat  t r a n s f e r  c o e f f i c i e n t s  on heat  f l u x  during bo i l ing  of mercury 
and amalgam are approximately t h e  same as during bo i l ing  of a l k a l i  metals.  
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Figure 81. Comparison of Dependence 
of Heat Transfer Coefficients During 
Boi 1 ing of Mercury on Pressure 
According to Various Formulas. 
I ,  Formula (11 .34 ) ;  1 1 ,  Formula (11.40); 
I I I ,  Formula ( I  I .37).; IV, Formula 
(11.38); V ,  Formula (11.41); VI, 
Formula ( I  I . 3 6 ) ;  VI I,  Formula .(I 1.35); 
VIII, Formulas ( l 1 . 2 6 ) ,  (11.27). 
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CHAPTER 3 ./134 

C R I T I C A L  H E A T '  FLOWS 

Usually, t h e  c r i t i - c a l  heat  fJow ' under f r e e  convection conditions means 
t h e  amount of hea t  flow ,corresponding t o  t h e  t r a n s i t i o n  from developed 
nucleate  b o i l i n g  t o  f i l m  bo i l i ng  (with q = const) .  The main quant i ty  of ex­
perimental works has been dedicated t o  t h e  determination of t h i s  quant i ty .  
However, as was noted i n  t h e  second Chapter, f i l m  bo i l i ng  (under t h e  con­
d i t i o n  q = const) may a l s o  be preceded by hea t  removal with unstable bo i l ing  
or  heat removal by convection (see Figure 34) .  

The t r a n s i t i o n  t o  f i l m  bo i l i ng  from unstable  bo i l ing ,  c h a r a c t e r i s t i c  
f o r  a l k a l i  metals,  has been invest igated experimentally by t h e  authors.  The 
t r a n s i t i o n  t o  f i l m  bo i l i ng  from heat  removal by convection has been observed 
only i n  experiments on non-metallic l i qu ids  s o  f a r .  There is reason t o  
bel ieve t h a t ,  f o r  example, i n  a l k a l i  metals, t h e  t r a n s i t i o n  from convection 
t o  f i l m  b o i l i n g  may a l s o  be achieved experimentally, s ince  f o r  these metals 
g rea t  superheating of t h e  l i qu id  on t h e  heat  t ransmit t ing surface and 
r e l a t i v e l y  high values of heat t r a n s f e r  c o e f f i c i e n t s  under f r e e  convection 
conditions are t y p i c a l .  

We w i l l  use  t h e  term " c r i t i c a l  heat flowtf't o  r e f e r  t o  t h e  heat flow a t  
which t h e  t r a n s i t i o n  t o  f i l m  bo i l i ng  e i t h e r  from developed o r  from unstable 
bo i l ing  occurs, without making spec ia l  d i s t i n c t i o n s ,  f o r  example t h e  
del ineat ion between t h e  first c r i t i c a l  load ( t r a n s i t i o n  from nucleate bo i l ing  
t o  f i l m  bo i l i ng )  and t h e  second c r i t i c a l  load ( t r a n s i t i o n  from f i lm bo i l ing  
t o  nucleate  b o i l i n g ) .  

A t  t h e  present time, a small number of experiments have been performed 
on c r i t i c a l  heat  flows during boi l ing of metals under f r e e :  convection con­
d i t i o n s .  However, t hese  l imited experimental d a t a  do make it possible  t o  ­/135
determine some r e g u l a r i t i e s ,  f o r  example t h e  dependence of c r i t i c a l  heat flow 
on pressure over t h e  invest igated pressure range. 

In order t o  compare the  dependences on c r i t i c a l  heat  flow during bo i l ing  
of metals with dependences f o r  c r i t i c a l  heat flows during bo i l ing  of non­
me ta l l i c  l i q u i d s ,  i n  t h i s  Chapter we w i l l  b r i e f l y  analyze t h e  p r inc ipa l  
r e g u l a r i t i e s  of t h e  formation of t h e  c r i s i s ,  produced i n  experiments with 
water and organic l i q u i d s .  Problems r e l a t i n g  t o  c r i t i c a l  heat flows during 
bo i l ing  of under heated l i qu ids  and so lu t ions ,  as well as t o  t h e  t r a n s i t i o n  
from f i l m  bo i l i ng  t o  bubble bo i l ing ,  w i l l  not be touched upon, s ince  these 
d a t a  have not yet  been produced f o r  metals. 
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Principal Regular i t ies  i n  Formation of Boiling . -C r i s i s  i n  Non-metallic 
L i q u i d s  Under Free Convec,tiOn-Cond~tionS 

Most experimental works on t h e  inves t iga t ion  of c r i t i c a l  heat flows 
during bo i l ing  of non-metallic l i qu ids  have been performed a t  atmospheric 
pressure o r  higher.  In t h i s  pressure range, t h e  dependence of qcr on 

pressure f o r  water and many organic l i qu ids  i s  shown on Figure 82, borrowed 
from [94]. 

A l imited number of works have'been performed on t h e  influence of pres­
su re  on qcr  a t  low pressures .  Figure 83 shows t h e  experimental d a t a  of t h e  

authors and d a t a  from [97].on t h e  dependence of qcr on 'pressure f o r  water 

bo i l i ng  at  low pressures .  A comparison of Figure 83 with Figure 82 shows 
t h a t  t h e  dependence of c r i t i c a l  heat flow on pressure at  low (down t o  
approximately P cr) pressures  i s  weaker than with pressures  on t h e  order 

of [10-3-0.2) Pcr. The weaker dependence of qc r  on P 
S 

a t  low pressures  i s  
a l s o  indicated by t h e  r e s u l t s  of [133, 1341. 

The s t a t e  of t h e  heat ing surface has a s i g n i f i c a n t  influence on t h e  
c r i t i c a l  heat flow. Many experiments by t h e  authors,  performed i n  water at  
atmospheric pressure,  bo i l i ng  on f l a t  horizontal  surfaces  of copper and 
stainless s teel ,  have shown t h a t  t h e  values of qc r  tend t o  change s i g n i f i ­

cant ly  [up t o  100%)with sequent ia l  experiments performed on t h e  same surface 
without cleaning and without changing t h e  water (both increasing and de­
creasing) i n  comparison t o  t h e  value of c r i t i c a l  heat  flow i n  t h e  first 
experiment. This d i f f e rence  i n  values of qcr , probably, can only be r e l a t e d  

t o  a change i n  t h e  s t a t e  of t h e  surface as  a r e s u l t ,  f o r  example, of in ­
creased temperature a t  t h e  moment of t he  c r i s i s ,  s ince  t h e  other  conditions /137-
i n  a l l  experiments remained unchanged. A smaller s c a t t e r i n g  of points  
(approximately 5 15%) r e l a t i v e  t o  the  mean value of qc r  was produced i n  

experiments using newly, approximately i d e n t i c a l l y  prepared surfaces  and 
water with i d e n t i c a l  s a l t  contents.  

In a work by V .  I. Yashnov [135] performed using water a t  atmospheric 
pressure it was demonstrgted t h a t  t h e  value of qc r  depends on t h e  method o f  

cleaning t h e  heating su r face ,  t he  heat  flow and t h e  time of preliminary 
bo i l ing ,  t h e  s a l t  content of t he  bo i l ing  water, t h e  roughness of t h e  surface 
and chemical etching, high temperature ca l c ina t ion  of grease films and t h e  
surface mater ia l  of t h e  heating surface.  The value of qcr changed as a 

function of t h e  s t a t e  of t h e  surface alone with otherwise equal conditions 
between 9 5 0 1 0 ~kcal/m2-hr and 1625-103 kcal/m2-hr. In t h e  works of Gambill 
[136] using d i s t i l l e d  water a t  atmospheric pressure,  t h e  values of qcr varied 

from about 0.55-106 kcal/m2-hr t o  1.6-106 kcal/m2*hr as a r e s u l t  of changes
of t h e  s ta te  of t h e  surface.  V.  I .  Yashnov [135]-believes t h a t  t h e  p r inc ipa l  
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Figure 82. Dependence of C r i t i c a l  Heat Flows on Pressure f o r  Water 
and Organic L i q u i d s  [94]. Value o f  q 2 r  taken w i t h  reference pressure 

0 . 3  Pcr .  1-3, Water; 4-5,  Ethy l  alcohol;  6 ,  Benzene; 7 ,  Heptane; 

8 ,  Methyl alcohol;  9, Propyl alcohol.  

f a c t o r  influencing t h e  c r i t i c a l  heat  flow during bo i l ing  of l i qu ids  under 
conditions of f r e e  convection is t h e  w e t t a b i l i t y  (contact wetting angle) of 
t h e  surface,  which may vary s i g n i f i c a n t l y  as a function of preparation of 
the surface.  

The value of t h e  c r i t i c a l  heat flow is influenced by t h e  geometry [137] 
and t h e  dimensions 1138-1441 of t h e  heating surface,  t h e  pos i t i on  of t h e  
hea te r  i n  space [138] and t h e  degree of screening from t h e  main mass of t h e  
l i qu id  [145]. The dependence of qcr on hea te r  diameter between a f e w  microns 

and a few mil l imeters  during bo i l ing  of water and other  organic materials 
over a broad pressure range was invest igated i n  [74, 138, 1441. A t y p i c a l  
dependence of c r i t i c a l  heat  flow on diameter o f  t h e  ho r i zon ta l ly  placed
hea te r ,  produced i n  these works, i s  presented f o r  e thy l  alcohol on Figure 84. 
A similar nature  of t h e  dependence of qcr on diameter of a ho r i zon ta l ly  placed 
hea te r  was produced i n  [139, 142, 1431. On v e r t i c a l l y  placed hea te r s ,  t he  
maximum value of qcr, which is c l e a r l y  seen on Figure 84, was not noted [138]. 

Processing of t h e  r e s u l t s  of experiments on the  inf luence of t h e  diameter 
of a ho r i zon ta l ly  placed hea te r  on t h e  c r i t i ca l  heat flow, performed f o r  
various f l u i d s  over a broad range of pressures  (up t o  about 0.8 Pcr) showed 

t h a t  these d a t a  can be generalized i n  t h e  coordinates B-We [144], where 
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(111.1) 

(111.2) 

d i s  the  diameter of t he  hea te r .  This is i l l u s t r a t e d  by Figure 85, taken /139 

from [144]. With a value of t h e  c r i t e r i o n  We 2 ,  s e l f  modeling of t h e  

quanity B occurs, and consequently of t he  quanity qc r  r e l a t i v e  t o  the 

hea te r  diameter. The value of b where 0.2 < We < 1 has a maximum and where 

0.03 < We < 0.1 has a minimum. With lower values of t h e  We number, t he  

value of B increases  again. For a small h e a t e r  diameter, t h e  r o l e  of con­

vect ion i n  t h e  removal of heat  is g r e a t .  For example, i n  e thyl  alcohol a t  

atmospheric pressure,  t h e  t r a n s i t i o n  from heat  removal by convection t o  heat  

removal by bo i l ing  on a wire 25 1.1 i n  diameter occurs with a heat f l u x  of 

about 0.7 qcr, while on a wire 8 -p i n  diameter it occurs with q a t  approxi­


mately 0.9 qcr [144]. Therefore t h e  conclusion t h a t  t h e  increase i n  values 


of cr i t ical  heat  f l u x  i n  the  area of very small diameters of t h e  hea te r  

r e s u l t s  from a s i g n i f i c a n t  contr ibut ion by convection, made by t h e  authors 

of [144], seems r a t h e r  l og ica l .  However, t h e  r e s u l t s  of t h e  experiments of 

S. P. Kaznovskiy and V. G .  Sviridenko, performed at  t h e  Physics and Energy 

I n s t i t u t e  on pure (dry residue less than 1 mg/l) d i s t i l l e d  water, boiled at  

atmospheric pressure on horizontal  wires with diameters from 5 1.1 t o  1.8 mm, 

do not confirm t h i s  conclusion and do not agree with t h e  d a t a  presented on 

Figures 84 and 85. The value of c r i t i ca l  hea t  flow produced i n  these  

experiments f o r  a l l  diameters of hea te r s  used was on t h e  average lo6 kca l /  

m2-hr, and t h e  deviat ion of individual  points  from t h e  mean value did not /140 

exceed f 5%. As t h e  wire diameter decreased, t h e  beginning of bubble 

bo i l ing ,  as i n  [144], was delayed. Thus, on wires with 100, 50 and 20 IJ 


diameters, bo i l i ng  began at heat  f luxes of l .0-105, 3.5*105and 8 . 0 0 1 0 ~kcal/  

m2*hr respect ively.  On wires with diameters from 20 t o  58 1.1, when only 

1-3 vapor formation centers  were formed (over a length of 50 nun), super 

heating occurred i n  a l l  experiments a t  t h e  po in t s  where t h e  centers  of vapor 

formation d id  not form r i g h t  up t o  t h e  crisis. On wires 5-7 1.1 i n  diameter, 

bubble b o i l i n g  was not noted, and superheating occurred at  a heat  f l u x  of

l o6  kcal/m2-hr. No explanation of t h e  divergence of  t h e  r e s u l t s  of t hese  

experiments with t h e  d a t a  on Figures 84 and 85 has been found. 


Many i nves t iga to r s  have determined t h e  influence of t h e  material of t h e  
heat ing wall on t h e  c r i t i ca l  hea t  f l u x .  In  [139, 1401, experiments on 
c r i t i ca l  heat  f luxes during bo i l ing  of water a t  atmospheric pressure were 
performed on hea te r s  made of fou r  and seven d i f f e r e n t  mater ia ls  respect ively.  
No e s s e n t i a l  inf luence of t h e  heating surface mater ia l  on qcr was detected.  

In  [146], cr i t ical  heat  f luxes were s tudied during bo i l ing  of water, alcohol 
and benzene on surfaces  of var ious materials with varying pressures  from 
atmospheric t o  near c r i t i ca l .  The d i f f e rence  i n  t h e  values o f  qcr f o r  
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Figure 83. Cr i t i ca l  Heat Fluxes as  Functions of Pressure For 
Water Boiling a t  Low Pressurds. 1 ,  Data of the  Authors; 2 ,  Data 
from [97] (values o f  q* . t a k e n  a t  P = 1 atm. a b s . ) .c r  S 

’ 

%r 1O-b ,,kca1/m2 hr . 

Figure 84. Cr i t i ca l  Heat Flux During Boiling of E t h y l  Alcohol 
By Horizontal Heater As a Function of Heater Diameter [144]

(Ps = I.atm. abs.) 

d i f f e r e n t  sur f  a c e s  reached approximately 50%; beginning a t  pressures  of about 
0.3 Pcr it began t o  decrease and t h a t  pressures  near t h e  c r i t i c a l  pressure 
it disappeared e n t i r e l y .  The inf luence of t h e  mater ia l  of t h e  heat ing wall 
on t h e  c r i t i c a l  hea t  f l u x  i n  [146] as i n  [135] i s  explained by va r i a t ions  i n  

-surface condi t ions.  However, t h e  reason f o r  t h e  inf luence of heat ing sur ­
face mater ia l  on c r i t i c a l  hea t  f l u x  may be not only d i f fe rences  i n  sur face  
condi t ions f o r  var ious mater ia l s ,  but d i f fe rences  i n  t h e  physical p roper t ies  
(pa r t i cu la r  temperature conductivity) and dimensions (thickness) of t h e  
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Figure  85. Generalization 
On Diameter o f  Horizontal 
Alcohol ; 10, Benzene; 1 1 ,  
butanol, propanol. 

fa' W e  

o f  Dependence o f  C r i t i c a l  Heat Flow 
Heater [1441. 1-8, Water; 9 ,  Ethyl  
Carbon t e t r a c h l o r i d e ;  12, Methanol, 

heating wall. This is indicated by t h e  r e s u l t s  of experiments [74, 139-141 , 
1471, i n  which f o r  t h i n  (beginning at  t e n t h s  of a millimeter or l e s s )  heat­
ing walls, t h e  dependence of qcr on material and wall thickness i s  found. 

With decreasing thickness and heat  conductivity of t h e  wall, t h e  value of 
heat  flow decreases. For example, when t h e  product of heat  conductivity 
times e f f e c t i v e  wall thickness is changed from i t s  minimum t o  i t s  maximum 
value (approximately 370 times) i n  [147], t h e  value of qcr is doubled. This 

e f f e c t  i s  explained by the  increase i n  t h e  degree of i r r e g u l a r i t y  of d i s t r i ­
bution of l o c a l  heat  flows with decreasing hea t  conductivity and thickness 
of t h e  heating wall heated by electric current  [147]. 

Since t h e  value of cr i t ical  heat  flow i s  influenced not only by pressure,  /141 
but a l s o  s i g n i f i c a n t l y  by t h e  s t a t e  of t h e  su r face  (which a l s o  depends on 
impuri t ies  i n  t h e  bo i l ing  l i q u i d ) ,  pos i t i on ,  geometry and dimensions of t h e  
hea te r ,  and i n  some cases t h e  thickness and hea t  conductivity of t h e  heating 
wall, during a s t r i c t  comparison of t h e  d a t a  of various authors and t h e  
determination of t h e  dependence of qcr on various f a c t o r s  i n  t h e  process of 

experiments, we must consider t h e  degree of inf luence of o the r  f a c t o r s  as 
well. Unfortunately, i n  many works t h i s  i s  done i n s u f f i c i e n t l y .  Further­
more, many published d a t a  do not include an ind ica t ion  of a l l  t h e  conditions 
of t h e  experiments, �or example t h e  r e s u l t s  of chemical analyses f o r  impur­
i t i e s ,  descr ipt ion of t h e  conditions of preparat ion of t h e  hea t ing , su r face ,  
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e t c .  a r e  eliminated, which n a t u r a l l y  hinders comparison of t hese  d a t a  with 
t h e  r e s u l t s  of o the r  works. 

C r it ica 1 Heat. F 1 ows Dur-ing. Bo-i 1.I  ng of- Meta-lsi Under- Cond-it ions o f  Free . . . .  ~- _. . 

Convection 

The c r i t i ca l  heat  flows during bo i l ing  of metals under free convection 
condi t ions have been experimentally s tudied f o r  sodium (by Kebon; i n  [18, 
33, 371 and by t h e  authors) ,  potassium. ( i n  [39] and by t h e  authors) ,
cesium (by t h e  authors),  rhubidium ( i n  [37]), :mercury.(by t h e  authors) and 
magnesium amalgams ( i n  [8]). 

In our experiments, t h e  bo i l ing  of metals f o r  which t h e  c r i t i c a l  heat 
flows were invest igated was performed on f l a t  horizontal  surfaces  heated b i  
e l ec t ron  bombardment over a diameter of 38 mm,. (Figure 10, 11). In a l l  
experiments, t h e  hea t  exchange surface was t r e a t e d  approximately i d e n t i c a l l y  
(smoothness corresponding t o  c l a s s  6-7) and d i s t i l l e d  metals were used. 
However, t h e  content of impuri t ies  i n  t h e  hea t  t r a n s f e r  media was not checked. 
In experiments on sodium, b o i l i n g  tanks with i n t e r n a l  diameters of 165 and 
45 mm were used (see Figure 2 4 ) ,  while i n  t h e  experiments on potassium and 
cesium tanks 70 mm in diameter were used (see Figure 33) and i n  t h e  experi­
ments on mercury tanks of 45 mm diameter were used. 

In a l l  experiments, except f o r  one s e r i e s  on sodium, t h e  b o i l i n g  of t h e  
metals occurred under t h e  pressure of  t h e i r  own vapors. 

The experiments were pr imari ly  performed with Ps = const and increasing 

hea t  flow. Individual experiments on t h e  attainment of crisis (with q = 
const)  by decreasing pressure gave good agreement with r e s u l t s  produced by 
t h e  first method. The c r i s i s  was f ixed by t h e  sharp increase i n  wall 
temperature. On sodium, eight  s e r i e s  of experiments were performed i n  t h e  
pressure range of approximately 0.015 t o  1 . 2  atm. abs. O f  these,  f i v e  s e r i e s  
were performed on a surface of VZH-98 a l loy ,  two on a surface of s t a i n l e s s  
s t e e l  and one on a surface of molybdenum. 

In t h e  first seven s e r i e s  of experiments (a bo i l ing  tank with an i n t e r - /142-
na l  diameter of 165 mm was used),  i n  which t h e  sodium was boi led under t h e  
pressure of  its own vapors, heat removal occurred pr imari ly  with unstable  
b o i l i n g  even wit,h heat  flows corresponding t o  the c r i t i c a l  values.  Depend­
ing on t h e  value of low frequency pu l sa t ions  of temperature of t h e  heat ing 
wall, t h e  values  of c r i t i c a l  hea t  flows var ied.  Great temperature f l u c t u ­

/ 143a t ions  of t h e  hea t ing  w a l l  corresponded t o  smaller values of qcr. Figure 86 -
shows a recording of t h e  wal l - l iquid temperature d i f f e rence  before crisis 
and at  t h e  moment of crisis with a pressure of about 0.35 atm. abs. f o r  two 
po in t s  i n  t h e  same series of experiments. Before crisis occurred i n  t h e  
first experiment t h e  pu l sa t ions  of heating w a l l  temperature were considerably 
g r e a t e r  (Figure 86 ,  a) than t h e  pulsat ions before  crisis i n  t h e  second experi­
ment (Figure 86, b ) .  The value of c r i t i ca l  hea t  flow i n  t h e  first case was 
1.5-106 kcal/m2*hr, i n  t h e  second case - 2 . 5 0 1 0 ~ .  
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Figure 86. Recording of Wall-Liquid Temperature Difference 
Before Cr i s i s  and A t  Moment of Cr i s i s  i n  Experiments of t h e  
Authors on Sodium (Ps- 0.36 atm. abs . ) .  a ,  qcr  = 1.5.106 

kcal/m2hr; b ,  q,, = 2 . 5 0 1 0 ~kcal/m2-hr. 

Thus, t he  value of qcr i n  t h e  first experiment was about 60% lower than 

i n  t h e  second experiment. In  t h e  eighth series of experiments (using t h e  
45 mm diameter bo i l i ng  tank) ,  t h e  sodium boi led over a surface of s t a i n l e s s  
steel  under the  pressure of its own vapors and under t h e  pressure of an i n e r t  
gas (argon). In t h e  first case,  t h e  c r i s i s  occurred with unstable  bo i l ing ,  
whereas when the  sodium was boi led beneath argon t h e  crisis occurred after 
only developed boi l ing .  The value of c r i t i ca l  heat f luxes produced i n  t h e  
experiments with developed bo i l ing  of sodium under the  i n e r t  gas were higher 
than t h e  values of qcr produced with in s t ab le  bo i l ing  beneath t h e  pressure 

of t h e  sodium vapors, which agree well with the  values of c r i t i c a l  heat f luxes 
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measured i n  t h e  preceding s e r i e s  of experiments, where t h e  bo i l ing  of sodium 
w a s  unstable .  

Noyes and Lurie [18, 331 invest igated c r i t i c a l  heat  flows during 
b o i l i n g  of sodium over horizontal  tubes of s t a i n l e s s  s t e e l  and molybdenuq 
6.35 and 9.53 mm i n  diameter, located i n  bo i l ing  tanks with i n t e r n a l  diameters 
of 300 and 150 mm respect ively.  The pressure range covered was approximately 
0.04-0.6 atm. abs.  

In  [33], experimental dat,a a r e  presented on the  c r i t i c a l  heat  flows 
during b o i l i n g  of sodium over a ho r i zon ta l  tube 1 1 . 2  mm i n  diameter, pro­
duced by Kebon i n  t h e  pressure i n t e r v a l  0.03-1,s a t m .  abs. Unfortunately, 
t h e  information presented i n  [18, 331 do not allow us t o  e s t a b l i s h  t h e  heat  
removal modes which preceded t h e  onset of crisis. 

In [37], i n  which two experiments on qcr during bo i l ing  of sodium were 
performed (over a horizontal  tube 9.53 mm i n  diameter of "Haynes-25" a l l o y ,  
contained i n  a tank 55 mm i n  diameter)., it is  reported t h a t  t h e  temperature 
pulsat ions of t h e  heating wall before  t h e  onset of c r i s i s  reached llO°C. 
This i nd ica t e s  t h a t  t h e  t r a n s i t i o n  t o  f i l m  bo i l i ng  was proceded by unstable  
bo i l ing .  

On Figure 87 we have constructed experimental da t a  on c r i t i c a l  heat  
f l uxes  f o r  sodium as a function of pressure.  Analysis of Figure 87 ind ica t e s  
t h a t  with developed bo i l ing  of sodium, t h e  value of qcr are approximately 

twice as high as with unstable  bo i l ing ,  when l a rge  f luc tua t ions  i n  t h e  

temperature of t h e  heat ing su-rface occur ( for  example, point a ) .  As t h e  value 

of t h e  low frequency pulsat ions of heating w a l l  temperature decrease,  t h a t  

is  as developed bo i l ing  is approached, t h e  values of qcr increase ( for  /145 

example, s ee  Figure 8 6 ,  b and Figure 87, point  b ) .  Comparison of t h e  experi­ 

mental da t a  of Noyes and Lurie with our da t a  and t h e  da t a  of [37] produced 

upon t r a n s i t i o n  t o  c r i s i s  from unstable  b o i l i n g  gives us  reason t o  be l i eve  

t h a t  most of t h e  experiments of Noyes and Lurie as w e l l  as Kebon were per­ 

formed with unstable  bo i l ing ,  s ince  these  da t a  agree r a t h e r  well i n  magnitude 

with t h e  similar da t a  from our works and [37]. 


The c r i t i c a l  hea t  f luxes during bo i l ing  of potassium were s tudied by t h e  
authors on a f la t  s t a i n l e s s  steel  surface (two s e r i e s  of experiments) and by 
Balzhiser [39] on horizontal  tubes of "Haynes-25" a l l o y  9.53 mm i n  diameter 
located i n  a tank 35 mm i n  diameter. Our experiments involved v a r i a t i o n  of 
t h e  pressure from about 0.03 t o  1.5 a t m .  abs. ,  t h e  experiments of Balzhiser 
from about 0.01 t o  1.5 atm. abs. The r e s u l t s  of t h e  experiments a r e  shown 
on Figure 88, from which we can s e e  t h a t  t h e  d a t a  i n  question agrees satis­
f a c t o r i l y  with each o the r .  

Upon t r a n s i t i o n  t o  f i l m  b o i l i n g  from unstable  bo i l ing ,  t h e  value of qcr 
w a s  lower than upon t r a n s i t i o n  from developed bo i l ing .  
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Figure 87. Experimental Data on Critical Heat Fluxes During Boiling

of Sodium. Flat horizontal surface, heated over 38 mm diameter. 

1 ,  VZH-98 alloy; 2, Molybdenum; 3, Stainless steel; 4, Stainless ' 

steel, boil ing (developed) under argon (data o f  the authors);
5, 6 ,  Horizontal tubes (diameter 6.36 and 9.53 mm) of stainless steel 
and molybdenum [331; 7, Horizontal tube (diameter 11.2 mm) [331;
8, Horizontal tube (diameter 9.53 mm) o f  Hay.nes-25 alloy [371. For 
points a and b, recording o f  temperature difference shown on 
Figure 86. Point c produced with unstable boiling'. For point d, 
value of pulsation of wall temperature before crisis reached 110°C. 
I ,  Formula (111.1); 1 1 ,  Formula (111.5); 1 1 1 ,  Formula (111 .4 ) ;
IV, Formula (111.6); and Formula (lll.11); V, C = 18; V I ,  C = 45; 
V I I ,  Formula (111.7). 

Here, the values of critical heat fluxes produced in the experiments

differed by more than two times. The lower points of Figure 88 correspond 

to the critical heat fluxes with unstable boiling, the upper points - with 
developed boiling. 

The authors performed four series of experiments on cesium over a 
horizontal surface of stainless steel in the pressure range of about 0.018 to 
3 . 5  atm. abs. The results of the experiments are shown on Figure 89. In 
the first series of experiments, the value of measured temperature pulsations 
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of t h e  heat ing wall with a l l  heat  flows did not exceed 5OC. In experi­
ments of t h e  second through fou r th  series, t h e  temperature pulsat ions of t h e  
heating wall i n  t h e  period preceding c r i s i s  were general ly  g rea t e r  than i n  
t h e  experiments of t h e  first s e r i e s .  With increasing value of pulsat ions,  
t h e  value of c r i t i ca l  hea t  flows decreases as i n  t h e  experiments on sodium 
and potassium. 

.Figure 90 shows a record of t h e  wal l - l iquid temperature d i f f e rence  /147
before c r i s i s  and a t  t h e  moment of c r i s i s  typical for these experiments. 
The lowest values  of c r i t i c a l  heat  flows were produced i n  t h e  second and 
third s e r i e s  of experiments with pressures  of 0.06-0.2 atm. abs. ,  where t h e  
bo i l ing  process was most unstable.  

0.05 0.1 0.5 f 

P s  ,atm. 

Figure 88. Experimental Data on Crit.ica1 'Heat Flows During 
Boiling of Potassium. 1 ,  Flat  horizontal s t a i n l e s s  steel surface 
(data o f  t h e  authors - two s e r i e s ) ;  2 ,  Horizontal t u b e  o f  "Haynes­
25" a l loy  9.63 mm i n  diameter. Data o f  Balzhiser [391.
I ,  According t o  Formula (111.1); I I ,  Formula (111.5); 1 1 1 ,  Formula 
(111.4); I V ,  Formula (111.6);  Formula ( 1 1 1 . 1 1 ) ;  V,  C = 18; 
V I ,  C = 45; V I I ,  Formula (111.7).  

In  a l l  experiments t h e  bo i l ing  tank was f i l l e d  by evaporating cesium 
from a supplementary evaporating tank, from which it was separated by a 
system of valves.  Upon completion of t h e  experiments, t he  cesium was 
evaporated back i n t o  t h e  supplementary tank. Before each n-ew s e r i e s  of 
experiments, t h e  bo i l ing  tank, valves and l i n e s  were ca re fu l ly  washed. How­
ever, a s l i g h t  quant i ty  of_cesium oxide could remain i n  t h e  valve on t h e  
s i d e  of t h e  evaporating tank, i n  s p i t e  of t he  measures taken. Therefore, t h e  
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content of oxygen i n  t h e  se iz ium i n  t h e  second through fou r th  series of 
experiments could have been somewhat higher than i n  t h e  first series, when 
a l l  valves were clean. In t h e  first series of experiments, f o r  which t h e  
po in t s  have s l i g h t  dispers ion (Figure 89) w e  see a weaker dependence of qcr 
on pressure with Ps 0.02-0.2 a t m .  abs. (qcr - P:*O8) than with Ps - 0.2-3 

atm. abs. (qcr - P:'15). According t o  t h e  d a t a  of t h e  second through fou r th  

s e r i e s  of experiments, f o r  which t h e  d i f f e rence  between po in t s  is  s i g n i f i ­
can t ly  g r e a t e r ,  t h i s  change i n  t h e  dependence of qcr on Ps cannot be t r aced .  

Caswell and Balzhiser [37] performed experiments on c r i t i c a l  heat  flows 
during bo i l ing  of rhubidium over a horizontal  tube. 9.53 mm i n  diameter of 
ttHaynes-25t' a l l oy ,  located i n  a tank 55 mm i n  diameter, over t he  pressure 
range 0.035-1.93 atm. abs. The r e s u l t s  of t hese  experiments a r e  shown on 
Figure 91. The temperature of t he  heat ing wall is shown f o r  individual 
po in t s  i n  [37]. The value of low frequency pulsat ions of temperature before 
onset of c r i s i s  was approximately 25OC. Therefore, w e  can consider t h a t  t h e  
t r a n s i t i o n  t o  f i l m  b o i l i n g  occurred from unstable  bo i l ing .  Judging from t h e  
mutual placement of po in t s  on Figure 91, a l l  remaining experiments a l s o  
r e l a t e  t o  unstable  bo i l ing .  

M .  I .  Korneyev [6, 71 invest igated t h e  dependence of c r i t i c a l  heat f l u x  
during bo i l ing  of magnesium amalgam on magnesium concentration i n  t h e  merchry. 
The experiments were performed onThorizontal  tubes of carbon s t e e l  22 mm i n  
diameter. We can s e e  from Figure 92 t h a t  with increasing concentration of 
magnesium i n  t h e  mercury, t h e  c r i t i c a l  hea t  f l u x  increases  and reaches a 
maximum with a magnesium content of about 0.03% by weight. In t h e  pressure 
range invest igated (1-10 atm. abs.) ,  the  dependence o f  qcr on pressure was 
not  noted by M. I. Korneyev. 

The authors have produced some data  on c r i t i c a l  heat flows during 
bo i l ing  of mercury over a f l a t  horizontal  surface (see Figure 93) .  

The working s e c t o r  was made of copper, which was separated from t h e  
mercury by a wall of Armco i ron  0.3 mm th i ck .  However, as an inspection of 
t h e  s e c t o r  a f t e r  t h e  experiments showed, t h e  Armco i r o n  wall was disrupted 
over a port ion of t h e  surface and the  mercury contacted t h e  copper. There­
fore ,  t h e  d a t a  produced can only be looked upon as preliminary. 

Let u s  analyze t h e  r e s u l t s  of t h e s e  experimental works on t h e  c r i t i c a l  
heat  Slows during bo i l ing  of metals. First of a l l ,  we should note a decrease 
( in  c e r t a i n  individual cases ,  by more than two times) i n  t h e  value of c r i t i ca l  
heat  flow with unstable bo i l ing ,  which is c h a r a c t e r i s t i c  f o r  a l k a l i  metals 
within t h e  range of pressures invest igated i n  comparison with q with c r  
developed bo i l ing  (see Figure 87-90). We have received no information con­
cerning experiments on t h e  t r a n s i t i o n  t o  f i l m  bo i l i ng  from unstable  bo i l ing  
on non-metallic l i qu ids .  It  might be expected t h a t  f o r  non-metallic l i qu ids  
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Figure 89. Experimental Data of the Authors on Critical Heat Fluxes 
During Boiling of cesium over Flat Horizontal Surface of 1 Khl8N9T 
Steel. 1-4,Data of first, second, third and fourth seriei of 
experiments respectively. I ,  According to Formula ( I  I 1 - 1 1 ;  I I ,  
Formula (111 .5 ) ;  1 1 1 ,  Formula ( 1 1 1 . 4 ) ;  I V ,  Formula (111.6); Formula 
( 1 1 1 . 1 1 ) ;  V ,  C = 18; V I ,  C = 45; V I I ,  Formula (111.7) 

with transitions of this type the value of qcr would be lower than with 


transitions to film boiling from developed boiling. 


The decrease in qcr from unstable boiling is probably related to the 
fact that.theliquid is rather strongly superheated over relatively large 
areas of the surface. As a resui’t of this, when boiling starts a significant
quantity of vapor is formed, isolating those sectors for a certain period of 

time, which increases the probability of formation of stable vapor films over 

the heating surface. 


Figure 94 shows experimental data on critical heat fluxes during boiling

of sodium, potassium, cesium and rhubidium in the form of the dependence 


.-= F ( t )  ,QC, 


‘cr 
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Figure 90. Recording of Wall-
L i q u i d  Temperature Difference i n  
Experiments on qcr  During Boiling 

of C e s i u m  f o r  Points 1 ,  2 and 3 
of Firs t ,  Second and T h i r d  Ser ies  
of Experiments Respectively Shown 
on F i g u r e  89. 

suggested by V. M. Borishanskiy [941. 
Here qgr i s  t h e  c r i t i c a l  heat flow 

a t  t h e  standard reference pressure 
(P/Pcr)* . Figure 94 shows po in t s  
produced f o r  each metal under i d e n t i ­
cal conditions.  Thus, f o r  sodium 
and cesium only da t a  r e l a t i n g  t o  
developed b o i l i n g  a r e  taken; f o r  
potassium the  d a t a  of Balzhiser are 
used, s i n c e  they encompass a broader 
range of pressures  than our experi­
ments. The usage of only a port ion 
of t h e  ava i l ab le  d a t a  on Figure 94, 
which r e f l e c t s  t he  dependence of 
c r i t i c a l  heat f luxes on pressure 
during b o i l i n g  of a lka l i  metals i n  
t h e  range of pressures  of approxi­
mately 4-10-5 t o  3 0 1 0 - ~ ,i s  j u s t i ­
f i a b l e ,  s ince  t h e  nature  of t h e  
dependence of qcr on pressure,  as 
we can see from Figures 87 and 89, 
i s  approximately t h e  same f o r  a l l  
experimental da t a .  There i s  only a 
d i f f e rence  i n  t h e  l e v e l s  of qcr. 

During processing of t h e  d a t a  shown 
on Figure 94, t h e  reference pres­
s u r e  was the  pressure (Ps/Pcr)* = 

3 0 1 0 - ~ .  I t  i s  easy t o  s e e  t h a t  t h e  
dependence of  c r i t i ca l  heat f luxes 
on pressure f o r  a l l  four  a l k a l i  
metals i s  p r a c t i c a l l y  iden t i ca l  

within t h e  range of pressures s tudied.  The tangent-of t he  inc l ina t ion  angle 
of t h e  averaging l i n e  was approximately 0.12. 

The range of r e l a t i v e  pressures i n  which c r i t i c a l  heat f luxes have been 
s tudied f o r  both metals and non-metallic l i qu ids  l ies  within t h e  l i m i t s  of  
approximately 2 0 l O - ~t o  3 0 1 0 - ~ .  Data were a l s o  produced f o r  metals at  lower 
reduced pressures ,  whereas f o r  ordinary l i qu ids  qcr was invest igated up t o  
pressures close t o  c r i t i c a l  values.  

Comparison of Figure 94 with Figures 82 and 83 i nd ica t e s  t h a t  with ident­
ical  reduced pressures f o r  non-metallic l i qu ids  the  dependence of qcr on 

pressure is generally considerably s t ronger  than f o r  metals. The tangent of 
t h e  angle of i n c l i n a t i o n  of the averaging l i n e  on Figures 82 and 83 (within 
t h e  l i m i t s  Ps/Pcr approximately 10-3-2=10-1)is  approximately 0.3; whereas f o r  
a l k a l i  metals (within the l i m i t s  P s / P c r  approximately 4 0 1 0 - ~ -3 0 1 0 - ~ )it i s  
approximately 0.12. We can see  from Figure 83 t h a t  with low pressures (below 
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Figure 91. Experimental 
Data o f  Caswell and 
Ualzhiser' [371 on Cri t ­
ical  Heat Fluxes During 
Boiling o f  R u b i d i u m  over 
a Horizontal T u b e  9.63 
mm i n  Diameter Made o f  
"Haynes-25" A1 loy. 1 , 
Accord i ng to Formu 1 a 
'(1 1 1 . 1 )  ; I I , Formula 
(111.5); / I f ,  Formula 
( 1 1 1 . 4 ) ;  I V ,  Formula 
( 1  11.6) ; Formula 
( l l t . 1 1 ) ;  V ,  C = 18; 

V I ,  C = 45; V I 1  , Formula 
( 1  1 1 . 7 ) .  

P ,atm.abs
S 

Per) t h e  dependence of qcr on Ps becomes weaker and approaches the de­
pendence produced f o r  a l k a l i  metals. Possibly,  a t  higher pressures (on the 
order of 10-1 Pcr and higher) t h e  nature  of t he  dependence of c r i t i c a l  heat 
f l ux  on pressure during boiling, of metals w i l l  approximate the  nature  o f  the  
dependence of qcr on pressure during bo i l ing  of non-metallic l i qu ids .  

Due t o  t h e  l imited nature  of t h e  experimental da t a ,  we cannot as  yet 
draw conclusion concerning the nature  o f - t h e  dependence of c r i t i c a l  heat 
f luxes during bo i l ing  of  mercury. We can only assume t h a t  for mercury t h e  
dependence of qcr on pressure with reduced pressures such as those for which 

a t  t h e  present time d a t a  have been produced on t h e  c r i t i c a l  heat flows 
during bo i l ing  of a l k a l i  metals w i l l  be weaker than f o r  non-metallic l i qu ids .  

Depending on t h e  s t a t e  of t h e  heating surface,  as was indicated i n  t h e  
second Chapter, hea t  removal may occur e i t h e r  with unstable  or with developed /153-
bo i l ing .  For example, with an increase i n  contact time between a stainless 
s t e e l  surface and sodium, t h e  p robab i l i t y  of existence of unstable  bo i l ing  
, increases,  while t h e  appl icat ion of s p e c i f i c  roughness on a heating w a l l  
causes developed bo i l ing .  Therefore, t h e  s t a t e  o f  t h e  heat ing surface can 



inf luence t h e  value of c r i t i ca l  heat 

0.4 I i 
flow s i g n i f i c a n t l y ,  s i n c e  depending 
on t h e  heat  removal mode preceding 
t h e  crisis t h e  value of qcr d i f f e r s .  

I Data on t h e  influence of t h e  s ta te  of 
.--. surface on t h e  value of c r i t i c a l  heat 

I
i f l u x  during b o i l i n g  of metals with 
i- i d e n t i c a l  heat removal modes ( for
I example, developed bo i l ing  and 
i . ident ical  dependence of ct on q) a r e  

I----
as y e t  i n s u f f i c i e n t .! 

I t  can be assumed t h a t  t h e  r e ­
duction of t h e  values of qcr i n  t h e  

second through fou r th  s e r i e s  of our 
experiments on cesium (Figure 89) i s  
r e l a t e d  t o  an increase i n  t h e  content 

0. t of oxygen i n  the  cesium, s ince  a l l  
Magnesium concent r a t  ion, w e i g h t  % 

Figure 92. Experimenta Data o f  
Korneyev [6 ,  71 on Cr i t  cal Heat 
Flows D u r i n g  Boiling o f  Magnesium 
Amalgam as a Function o f  Magnesium 
Concen t r a t  ion. 

four  s e r i e s  of experiments were per­
formed over i d e n t i c a l l y  prepared 
surfaces  of s t a i n l e s s  s t e e l .  In par­
t i c u l a r ,  t h e  decrease (drop) i n  
c r i t i c a l  heat f l u x  a t  pressures of 
about 0.06-0.2 atm. abs.  i n  t he  second 
and t h i r d  s e r i e s  of experiments may 
be r e l a t e d  t o  r e d i s t r i b u t i o n  of oxygen 

between t h e  cesium and the  heat ing surface,  which leads t o  a change i n  
w e t t a b i l i t y  of t he  surface.  

As can be seen from Figure 63 i ron ,  t h e  p r inc ipa l  component of 1Kh18N9T 
s t e e l ,  should take up oxygen from cesium a t  temperatures beginning a t  about 
5OO0C ( the temperature of 500°C corresponds t o  a cesium vapor pressure of 
about 0.14 atm. abs . ) .  The surface of t h e  experimental s e c t o r  should begin 
t o  operate as a g e t t e r  f irst ,  s i n c e  i t s  temperature is h ighes t .  With a 
f u r t h e r  increase i n  temperature, t h e  surface of the tank w i l l  a l s o  a c t  as a 
g e t t e r ,  which may lead t o  a change i n  t h e  w e t t a b i l i t y  of t h e  heating surface 
as a r e s u l t  of r e d i s t r i b u t i o n  of oxygen between the  surface and t h e  cesium. 

If t h e  heat  t r a n s f e r  metal a c t s  as a g e t t e r  i n  r e l a t i o n  t o  t h e  heating 
surface,  t h e  content of oxygen (within t h e  l i m i t s  of s o l u b i l i t y  of oxides) 
should not have an e s s e n t i a l  influence on qc r  * Data on c r i t i c a l  heat flows 

during unstable bo i l ing  of sodium produced on surfaces  of VZH-98 a l loy ,  
s t a i n l e s s  s t e e l  (our da t a ) ,  "Haynes-25" a l loy ,  agree q u i t e  s a t i s f a c t o r i l y  
with each o the r ,  as  well as  with the  da t a  of Noyes and Lurie,  produced over 
surfaces  of s t a i n l e s s  s t e e l  and molybdenum. 
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Figure 93. Experimental Data of the Authors on Critical 
Heat 'Fluxes During Boiling of Mercury I ,  According to 
Formula' (111.6); I I ,  Formula (111.1); I l l ,  Formula ( 1 1 1 . 5 ) ;  
I V ,  Formula (111.4); Formula (1 1 1 . 1 1 ) ;  V ,  C = 45; V I ,  
Formula ( I  I I . 7 ) .  

Figure 94. Dependence o f  Critical Heat Fluxes For Alkali 
Metals on Reduced Pressure. Value o f  qEr Taken at Reference 

Pressure P, = 0.003 Pcr. 1 ,  Sodium; 2 ,  Cesium (Data of the 

Authors); 3, Potassium [391; 4, Rubidium [371. 
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With a l k a l i  metals (when t h e  heat removal mode does not change i n  the  
process o f  t h e  experiments) , good r ep roduc ib i l i t y  i s  achieved i n  experiments 
on qcr performed i n  s e r i e s . o v e r  t h e  same surface.  For example, t h e  d a t a  

produced i n  our experiments with developed bo i l ing  of cesium ( f i r s t  s e r i e s  
on Figure 89), performed twice i n  s e r i e s  from minimum t o  maximum pressure ­/154
values ,  agree q u i t e  well with each o the r .  Rather good agreement within each 
s e r i e s  of experiments was produced f o r  other  a lka l i  metals as wel l .  

This f a c t  i s  q u i t e  important i n  a study of t h e  influence of various 
f a c t o r s  on t h e  c r i t i c a l  heat  f luxes,  f o r  example i n  inves t iga t ions  of t h e  
dependence of qcr on Ps, f o r  an? l i qu ids  and p a r t i c u l a r l y  f o r  a l k a l i  metals, 

s ince  i n  t h i s  case changing of t h e  working s e c t o r  i s  a r a t h e r  d i f f i c u l t  
operation, f o r  obvious reasons. Whereas i n  experiments with non-metallic 
l i q u i d s ,  t h e  working sec to r s  may be replaced af ter  every s i n g l e  experiment, 
f o r  a l k a l i  metals, where dozens o r  hundreds of experimental po in t s  must be 
produced, t h i s  would be r a t h e r  d i f f i c u l t .  

The good r ep roduc ib i l i t y  of r e s u l t s  i n  experiments on c r i t i c a l  heat 
f luxes during bo i l ing  of a lka l i  metals over t h e  same working s e c t o r  can be 
explained by the  s l i g h t  changes i n  t h e  s t a t e  of t h e  surface with sudden 
changes i n  temperature a t  t h e  moment of c r i s i s ,  by values up t o  several  
hundred degrees. This change i n  surface temperature a t  t he  moment o f  c r i s i s ,  
f o r  example i n  experiments on water, as was noted above, can lead t o  a change 
i n  the  value of qcr by more than double. Probably, s ince  it  is  i n  contact 

.wi th  t h e  vapors of  t h e  a l k a l i  metals and water a t  a temperature exceeding 
the  sa tu ra t ion  temperature by several  hundred degrees f o r  only a short  time 
(on t h e  order of one second), t h e  surface i n  t h e  l a t t e r  case undergoes a 
g rea t e r  change, f o r  example a change i n  the  contact wetting angle,  which 
influences t h e  value of c r i t i c a l  heat f lux .  

The c r i t i c a l  heat f luxes during bo i l ing  of a l k a l i  metals have been in­
vest igated only over f l a t  surfaces  heated t o  a diameter of 38 mm and ho r i ­
zontal  tubes 9.53 and 6.35 mm i n  diameter, t h e  6.35 mm diameter tube being 
used only f o r  a small number of points  i n  experiments on sodium [33]. Data 
produced during bo i l ing  of sodium and potassium (see Figures 8 7 ,  88) over ' 
f l a t  horizontal  surfaces  and horizontal  tubes agree s a t i s f a c t o r i l y  with each 
other .  However, obviously, we cannot use t h e  ava i l ab le  experimental d a t a  as 
a bas i s  f o r  conclusions concerning the  influence o f  dimensions and geometry 
of t he  working s e c t o r  on the  value of qcr during bo i l ing  of metals.  We can 

only note  t h a t  i n  most experiments on metals t h e  value of t he  c r i t e r i o n  We 
calculated according t o  (111.2) exceeded 2 .  Only i n  some individual experi­
ments on sodium (6.35 mm tube) was the  value of We somewhat l e s s  than 2.  
With We 2 ,  according t o  the  r e s u l t s  of [144] ,  t he  value of qcr during 

bo i l ing  on horizontal  cy l ind r i ca l  heaters  ( in  [144] ,  da t a  were processed 
only f o r  non-metallic l i qu ids )  i s  independent of t h e  hea te r  diameter. 
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Figures 87-89, 91, 93 show l i n e s  constructed according t o  t h e  general- /155 
i z ing  formula of S .  S. Kutateladze (111.1) and G .  N .  Kruzhilin [113] 

(111.4) 

describing t h e  dependence of c r i t i c a l  heat f luxes on pressure during bo i l ing  
of non-metallic l i qu ids  a t  pressures  over 10-3'Pc,. We can see t h a t  t hese  

formulas do not agree with t h e  experimental da t a  on c r i t i c a l  heat flows 
during bo i l ing  of a l k a l i  metals i n  magnitude o r  i n  nature  of t h e  dependence 
o f ' qc r  on pressure.  

Generalized formulas f o r  t h e  ca l cu la t ion  of c r i t i c a l  heat flows during 
bo i l ing  of metals under conditions of f r e e  convection have been suggested 
by Noyes [18] 

(111.5) 

Caswell and Balzhiser 1371 

(111.6) 

and P.  L .  K i r i l l ov  [148] 

(111.7) 

On Figures 87-89, 91, 93 w e  s ee  the  dependence of c r i t i c a l  heat  f luxes 
calculated according t o  formulas ( I I I . 5 ) - ( I I I . 7 ) .  Analysis of t hese  f igu res  
ind ica t e s  t h a t  t h e  formula of Noyes (111.5) does not agree with t h e  experi­
mental d a t a  f o r  a l k a l i  metals and mercury e i t h e r  i n  magnitude o r  i n  t h e  
nature  of t h e  dependence of qcr on pressure.  The formula of Caswell and 
Balzhiser Q11.6) agrees r a t h e r  well with t h e  lower values of c r i t i c a l  heat  
f luxes f o r  potassium and cesium produced i n  experiments with u n s t a b l e b o i l i n g  
and with d a t a  f o r  rhubidiwn, which a l s o  r e l a t e  t o  unstable  bo i l ing .  For 
sodium, however, t h e  lower values of qcr produced i n  t h e  experiments d i f f e r  
from those calculated according t o  formula (111.6) by approximately two times. 
For mercury, t h e  experimental values of qc r  a r e  considerably higher than those 
calculated from formula (111.6). The dependence of c r i t i ca l  hea t  flows on 
pressure according t o  t h e  Caswell-Balqhiser formula i s  somewhat s t ronger  than 
t h a t  produced i n  t h e  experiments on a l k a l i  metals t h e  r e s u l t s  of which a r e  
summarized on Figures 87-89, 91. The formula of P .  L .  K i r i l l ov  (111.7) 
agrees s a t i s f a c t o r i l y  with t h e  higher  values of qc, produced i n  experiments 
on a l k a l i  metals, while t h e  dependence of c r i t i ca l  heat  flows on pressure 
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according t o  t h i s  formula corresponds approximately t o  t h e  dependence of 

qcr  on P

S 
produced experimentally. Sa t i s f ac to ry  agreement of formula (111.7) /156
-

is  observed with t h e  experiments on mercury. 

A t  t h e  present time, t h e  hydrodynamic theory of t h e  b o i l i n g  crisis 
under conditions of free convection i s  one of t h e  most widely used theo r i e s .  
In t h e  hydrodynamic theory of t h e  b o i l i n g  crisis it is assumed t h a t  t h e  
c r i s i s  is determined by t h e  vapor content near t h e  heating wall, which is  
proportional t o  t h e  heat f l u x .  Zuber [123] t h e o r e t i c a l l y  produced a value 
of constant B i n  t h e  formula of Kutateladze ( I I I . l ) ,  based on t h e  hydro­
dynamic model of t h e  bo i l ing  crisis, assuming t h a t  a l l  t h e  hea t  from t h e  
heat ing wall is ca r r i ed  o f f  with t h e  vapor. Works on bubbling [149, 1501 
a l s o  agree with t h e  hydrodynamic conception of t h e  b o i l i n g  crisis. However, 
t h e  hydrodynamic theory does not  explain t h e  e s s e n t i a l  inf luence of t h e  
s t a t e  of t h e  heat ing surface on t h e  value of c r i t i c a l  heat flows. 

I t  is  poss ib l e  t h a t  t h e  onset of crisis is  r e l a t e d , t o  t h e  attainment 
on t h e  heat ing surface of a temperature corresponding t o  t h e  temperature of 
t h e  spheroidal s ta te  of t h e  l i qu id .  

From t h i s  point of view, w e  can explain t h e  inf luence on t h e  c r i t i ca l  
heat  flow of t h e  s t a t e  of t he  surface,  thickness and material o f  t h e  heating 
'wall. Actually, t h e  thinner  t h e  heat ing wall (beginning a t  a c e r t a i n  
thickness) and t h e  lower t h e  value of temperature conductivity coe f f i c i en t  
of t h e  w a l l  material, t h e  higher can be t h e  values of l o c a l  temperature 
with q = const and ps = const.  However, i n  order  t o  confirm o r  negate t h i s  
hypothesis,  w e  r equ i r e  more data .  

The weakening of t h e  dependence of qcr on pressure,  which i s  equivalent 

t o  an increase i n  t h e  value of B !.n formula ( I I I . l ) ,  a t  low pressures  f o r  
non-metallic l i qu ids  is explained i n  [133] by an increase i n  t h e  rate of 
growth of vapor bubbles as t h e  pressure is decreased. P .  L .  K i r i l l ov  [148] 
a l s o  r e l a t e s  t h e  onset of c r i s i s  a t  low pressures  t o  t h e  r a t e  of growth of 
vapor bubbles. Here, i n  order  t o  c a l c u l a t e  t h e  r a t e  o f  increase of vapor 
bubbles i n  metals, dependences a r e  used (as f o r  non-metallic l i q u i d s ) ,  based 
on l i m i t a t i o n  of t h e  r a t e  of bubble growth by thermal r e s i s t a n c e  of t h e  
boundary l aye r  of t h e  l i qu id  around t h e  bubble. However, t hese  dependences, 
as w i l l  be shown i n  t h e  next 'chapter ,  cannot be used f o r  ca l cu la t ion  of t h e  
rate of growth of vapor bubbles of metals,  a t  l e a s t  at  low pressures .  

On Figure 95 we show t h e  r e s u l t s  of experiments on t h e  t r a n s f e r  of heat 
from t h e  heating surface with vapor performed on water by A .  A. Tsyganok a t  
t h e  Physics and Energy I n s t i t u t e .  

We can see  from Figure 95 t h a t  during bo i l ing  of water as t h e  heat flow 
increase,  qv increases ,  and a t  over about 0.5 qcr, t h e  r a t e  of t h i s  increase 

i s  decreased. A s  t h e  pressure decreases,  t h e  share  of heat ca r r i ed  away with 
t h e  vapor decreases and t h e  r o l e  of convective heat l i b e r a t i o n  increases.  /157-
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Figure 95. Dependence o f  
Share of  Heat q v / q ,  Trans­
ferred by Vapor on Relative 
Heat Flow q/qcr During 
B o i l i n g  of Water Over 
Wire 1.8 mm i n  Diameter. 
1 , P = 0.13 atm.abs.; 
2 ,  P = 0.29 atm.abs.;
3 ,  P = 0.68 atm.abs.; 
4 ,  P = 1.24 atm. abs. 

Therefore , t h e  weakening of t h e  dependence 
of c r i t i c a l  hea t  flows on pressure a t  
reduced pressures may be r e l a t e d  t o  t h e  
increased contr ibut ion of convective heat 
t r a n s f e r .  

The d i f f e rence  i n  t h e  nature  of t h e  
dependence of qc, on pressure during 

bo i l ing  of a l k a l i  metals and non-metallic 
l i qu ids  over a broad range of pressures 
and t h e  difference i n  t h e  formula of S. S 
Kutateladze from experimental d a t a  on 
c r i t i c a l  heat  flows during boi l ing of 
sodium, potassium, ce_s iq  and rubidium 
can be explained by t h e  f a c t  t h a t  during 
bo i l ing  of a l k a l i  metals with high heat 
conductivity,  even at  hea t  flows near 
t h e  c r i t i c a l  values,  it is  possible  f o r  a 
s i g n i f i c a n t  port ion of t h e  heat i n  t h e  
invest igated pressure range t o  be t r ans ­
mitted from t h e  heat ing surface by way of 
t h e  l i q u i d ,  and t h e  dependence of vapor 
content i n  t h e  layer  near t h e  w a l l  on 
heat  flow is  d i f f e r e n t  than f o r  non­
me ta l l i c  l i qu ids .  The c r i t i c a l  heat flow 
can be wr i t t en  as t h e  sum of two flows 

(111.8) 

where q2  is  t h e  heat flow ca r r i ed  away 

from t h e  surface by t h e  l i qu id ;  qv i s  the  
heat f l u x  ca r r i ed  away from t h e  heating 
su r f  ace by vapor bubbles . 

We must emphasize t h a t  we a r e  not analyzing the  mechanism of heat t rans­
f e r  d i r e c t l y  from t h e  heating surface t o  t h e  bubble growing on its surface,  
but r a t h e r  a r e  discussing only t h e  quan t i ty  of heat ca r r i ed  through t h e  
boundary layer  by bubbles (9,) and by l i qu id  (qz).  

If w e  assume t h a t  qv can be calculated using t h e  formula of S. S. 

Kutateladze ( I I I . l ) ,  then from (111.8) i s  easy t o  produce 

(111.9) 
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I158Processing of da t a  on c r i t i c a l  heat flows during bo i l ing  of sodium, - Ipotassium, cesium and rubidium, presented on Figures 87-89, 91, has indicated 

t h a t  q2/qv can be expressed i n  t h e  form of the  dependence 

Ps -m 
- = ­92 c (fi-1 * (111.10) 
qv ’cr cr 

During processing of experimental data,  t he  heat  f low*qZwas found as 

the  difference qcr - qv, while t h e  heat  flow q, was calculated using t h e  

formula of S. S. Kutateladze (111.1). The values of c r i t i c a l  pressures were 
taken from [95] and were 357, 169, 103 and 130 atm. abs. f o r  sodium, 
potassium, cesium and rubtdium respect ively.  We can see  from (111.10) 
t h a t  with increasing pressure the  share  of heat  t r ans fe r r ed  by the  l i qu id  
(ql/qv) should drop. Formula (111.9), considering (111. l o ) ,  can be wr i t t en  

i n  the  form 
qdr = [l +p- c ps Br [gy”]”i[a(y-y”)]*/a. (111.11)(r)-7n] 

C r  c r  

The coe f f i c i en t s  C ,  B and possibly t h e  exponent m i n  formula (II I .11)  
can take on various values,  l i k e  t h e  coeff ic ient  B i n  t h e  formula of S. S. 
Kutateladze, depending on t h e  conditions of performance of t h e  experiments. 
The values of coeff ic ients  may a l so  change somewhat i n  r e l a t i o n  t o  more 
p rec i se  determination of t h e  values of c r i t i c a l  pressures  f o r  a l k a l i  metals. 
Comparison of formulas (111.10) and (111.11) with experimental d a t a  ind ica t e s  
t h a t  t h e  values of coe f f i c i en t s  can be assumed as follows: C = 45 f o r  develop­
ed bo i l ing ;  C = 18 f o r  unstable  bo i l ing ;  B = 0.14; t h e  exponent m = 0.4. 
Coefficient C has t h e  dimensionality of pressure.  

On Figures 87-89, 91, 93, t h e  dependence of qcr, calculated according 

t o  formula (111.11) (with the  values of C ,  B and m assumed above) f o r  sodium, 
potassium, .cesium, rhubidium and mercury respect ively is  compared with 
experimental d a t a  on c r i t i c a l  heat flows fo r  these metals. We can see 
t h a t  t h e  formula q u i t e  s a t i s f a c t o r i l y  agrees with t h e  experimental da t a  both 
as t o  value of c r i t i c a l  heat flows and as t o  the  nature  of t h e  dependence 
of qcr on pressure f o r  a l k a l i  metals i n  the  invest igated pressure range. 

Formula (111.11) , b e t t e r  than t h e  other  formulas analyzed, descr ibes  t h e  
experimental da t a  produced on c r i t i c a l  heat flows huring the  .boi l ing of a lkal i  
metals. In  p a r t i c u l a r ,  it considers t h e  d i f f e rence  i n  values of qcr with 

developed and unstable bo i l ing .  However, formula (111.11) cannot be recomd 
mended f o r  ca l cu la t ion  of c r i t i c a l  heat flows during boi l ing under natural  
convection conditions except f o r  sodium, potassium, cesium and rubidium a t  
pressures  from a few hundredths of an atmosphere t o  a f e w  atmospheres. The 
p o s s i b i l i t y  of using formula (111.11) f o r  ca l cu la t ion  of qcr during bo i l ing  
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of these  metals i n  t h e  area of higher pressures ,  as well as during bo i l ing  
of o the r  metals r equ i r e s  f u r t h e r  experimental t e s t i n g .  

Formula ( I I I . l l ) ,  t h e  formula of S. S. Kutateladze (111.1) and t h a t  /159 
of P. L.  K i r i l l ov  ( I f I . 7 ) ,  agree s a t i s f a c t o r i l y  with t h e  experimental da t a  
f o r  mercury presented i n  Figure 93, but  due t o  t h e  l imited nature  of t h e  
experimental mater ia l  it is as y e t . d i f f i c u l t  t o  give preference t o  any one 
of t hese  formulas. 

Conclusions 

1. The c r i t i c a l  heat  flows during boiling- of a l k a l i  metals under con­
d i t i o n s  	of free convection has been experimentally invest igated f o r  sodium 
(0.015-1.5 atm. abs . ) ,  potassium (0.01-1.5 a t m .  abs . ) ,  cesium (0.018-3.5 
a t m .  abs.) and rubidium (0.35-1.9 a t m .  abs.) .  The experiments have 
encompassed a range of reduced pressures  of approximately 4-10-5 t o  3-10-2. 

2. With increasing values of low frequency pulsat ions of t he  tempera­
t u r e  of t he  heat ing wall ,  t h a t  i s  i n s t a b i l i t y  of  t h e  bo i l ing  process,  t h e  
values of c r i t i c a l  heat flows f o r  the a l k a l i  metals decrease.  The d i f f e rence  
between t h e  values of c r i t i c a l  heat  flows with developed and unstable 
bo i l ing  may reach over 100%. 

3 .  Within t h e  invest igated range o f  pressures ,  t h e  dependence of 
c r i t i c a l  hea t  flows on reduced pressure f o r  sodium, potassium, cesium and 
rubidium i s  i d e n t i c a l  and considerably weaker than f o r  water and organic 
l i q u i d s .  

4.  Generalized formulas f o r  t he  ca l cu la t ion  of c r i t i c a l  heat flows 
during bo i l ing  of l i q u i d s  under conditions of f r e e  convection, describing 
t h e  experimental d a t a  f o r  water and organic l i q u i d s ,  do not agree with the  
experimental da t a  on c r i t i c a l  heat  flows during bo i l ing  of a l k a l i  metals 
within t h e  range of pressures ,  e i t h e r  i n  magnitude, o r  i n  na tu re  of t h e  
dependence of qcr on pressure.  For t h e  ca l cu la t ion  of c r i t i c a l  hea t  flows 

during b o i l i n g  of sodium, potassium, cesium and rubidium a t  pressures from 
a few hundredths of an atmosphere t o  several  atmospheres, formula (111.11) 
can be recommended, i n  which t h e  d i f f e rence  i n  values of  qcr during developed 

and unstable  bo i l ing  is  considered, and which s a t i s f a c t o r i l y  r e f l e c t s  t h e  
na ture  of t h e  dependence of c r i t i c a l  heat flows on pressure produced i n  t h e  
experiments f o r  t hese  a l k a l i  metals within t h e  pressure range invest igated.  

5. Some da ta  have been produced on c r i t i c a l  heat flows during bo i l ing  
under condi t ions of f r e e  convection f o r  mercury (0.7 and 5 a t m .  abs . )  and 
magnesium amalgam (1-10 a t m .  abs . ) .  The experimental da t a  on c r i t i c a l  heat 
f luxes f o r  mercury agree s a t i s f a c t o r i l y  with t h e  calculated values of qcr 

from formulas ( I I I . l ) ,  (111.7) and (111.11). Due t o  t h e  l imited nature  of t h e  
experimental data ,  we can not as ye t  conclude the  influence of pressure and 
o the r  f a c t o r s  on c r i t i ca l  heat  flows during boi l ing of mercury. 
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CHAPTER 4 /160 

CERTAIN PROBLEMS I N  THE PHYSICS OF B O I L I N G  OF METALS 

In order t o  achieve an understanding and construct  a well founded model 
of t h e  process of heat  exchange during bo i l ing ,  it is  necessary t o  know t h e  
elementary processes determining heat  exchange under these  conditions.  
During bubble bo i l ing ,  heat  from t h e  surface i s  ca r r i ed  away with t h e  vapor 
(q,) and with t h e  l i qu id  (q2).  For metals b o i l i n g  a t  high temperatures, 

hea t  r ad ia t ion  should a l s o  make a s l i g h t  concentration t o  t h e  t r a n s f e r  of 
hea t .  

The r e l a t ionsh ip  between t h e  components of t h e  heat flow depends on t h e  
na tu re  of t h e  l i q u i d ,  d i s t r i b u t i o n  of temperatures, v e l o c i t i e s  and phases a t  
t h e  heat ing wall, which i n  t u r n  a r e  determined by t h e  d i s t r i b u t i o n  of t h e  
a c t i v e  centers  of vapor formation, ra te  of growth, frequency of separat ion 
and separat ion volumes o f , t h e  vapor bubbles, as well as t h e  geometry, 
dimensions and materials of  t h e  hea te r .  

For non-metallic l i qu ids ,  problems of t h e  growth and separat ion of 
vapor bubbles have been t h e  subject  of a s i g n i f i c a n t  number of experimental 
and t h e o r e t i c a l  works. In some works, t h e  temperature f i e l d  i n  t h e  l i qu id  
has been measured ( in  t h e  uolume, a t  t h e  heat ing surface and i n  t h e  boundary 
l aye r  of a vapor bubble) as w e l l  as i n  t h e  vapor (over t h e  l eve l  of t h e  l i qu id  
and i n  t h e  vapor bubbles). 

The conditions of seeding of vapor bubbles and t h e  s t a b i l i t y  of operation 
of centers  of vapor formation a r e  of g rea t  s ign i f i cance  f o r  heat exchange 
during bo i l ing .  

In metals,  d i r e c t  experimental determination of such q u a n t i t i e s  as t h e  
d i s t r i b u t i o n  of vapor formation cen te r s ,  growth r a t e ,  frequency of separat ion 
and separat ion diameter of vapor bubbles involves,  f o r  obvious reasons,  con­
s ide rab le  experimental d i f f i c u l t i e s .  However, t h e  individual  elementary 
processes involved i n  t h e  b o i l i n g  of metals can be judged t o  some ex ten t ,  /161-
primari ly  on t h e  b a s i s  of i n d i r e c t  observations and comparison with similar 
elementary processes s tudied f o r  non-metallic l i q u i d s  considering t h e  physical 
p rope r t i e s  of t hese  two classes of l i q u i d s .  

Distibutjon o f  Temperature I n  Boiling,L-i-quidand-Vapqr 

On Figure 39 we show t h e  q u a l i t a t i v e  d i s t r i b u t i o n  of temperature during 
bo i l ing  of a l i qu id  i n  a l a rge  volume a t  the  s a t u r a t i o n  temperature. The 
p r i n c i p a l  drop i n  temperature occurs a t  t he  wall i n  boundary layer  6 ,  and 
f u r t h e r  through t h e  height t h e  temperature of t h e  l i qu id  remains approximately 
constant ,  while t h e r e  is a c e r t a i n  temperature jump 6 t  between t h e  f r e e  l eve l  
of t h e  l i q u i d  and vapor. 
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The p r o f i l e s  of temperatures during bo i l ing  of water a t  atmospheric 
pr'essure and a t  heat  f l uxes  up t o  approximately lo5  kcal/m2*hr were measured 
i n  192, 1511. The p r inc ipa l  drop i n  temperature occurs over a dis tance of 
several  t en ths  of a millimeter (about 0.3 mm) from t h e  heating surface.  

I t  is found i n  [92] t h a t  6 - a U (u < 0), and formulas a r e  recommended 
f o r  ca l cu la t ion  of t h e  temperature f i e l d  i n  t h e  boundary layer  describing 
t h e  experimental d a t a  

where y < 0.576 and 

(IV.2) 

where y > 0.576, where A6 is  a constant determined by simultaneous so lu t ion  
of equations (IV.1) and (IV.2) where y = 0.57 6 .  

In t h e  boundary l aye r ,  t h e  value of pulsat ions of  t h e  temperature reached 
about 0.6 At , .  Pulsations of temperature of t h e  heat ing wall ,  t h e  values 

of which a r e  comparable t o  t h e  temperature head At , ,  and a frequency approxi­
mately the  same as t h e  frequency o f  separat ion of vapor bubbles were measured 
i n  experiments on water i n  [89-91, 1521. 

Figure 96 shows a record of t h e  pulsat ions of temperature of t h e  heating 
w a l l  during bo i l ing  of water from [go].  The slow r i s e  i n  temperature corres­
ponds t o  t h e  period of heating of t h e  l i qu id  a f t e r  separat ion of a vapor 
bubble, and t h e  sharp drop i n  temperature corresponds t o  t h e  periatl of bubble 
growth. This conclusion was drawn on the  b a s i s  of comparison of recordings 
of wall temperature and r e s u l t s  of synchronized high speed cinamatography 
[91, 1521. 

On Figure 97 we show a t y p i c a l  temperature p r o f i l e  f o r  developed bo i l ing  
of metals, measured by a moving thermocouple (see Figure 24) i n  experiments 
of t h e  authors on sodium, while Figure 98 shows a t y p i c a l  temperature pro­
f i l e  f o r  heat removal by convection without bo i l i ng ,  produced i n  t h e  same /162-
s e r i e s  of experiments. The thickness  of t h e  thermal boundary layer  6 with 
developed bo i l ing  of sodium is several  mil l imeters ,  whereas with hea t  removal 
by convection without b o i l i n g  6 i s  considerably g rea t e r .  Further through 
t h e  height of t h e  l i q u i d ,  t h e  temperature remains approximately constant.  
Located next t o  t h e  heat ing w a l l ,  a thermocouple records temperature pulsa­
t i o n s  a t  a frequency on t h e  order  of one Hz. The measured value of pulsat ions 
is approximately 50%of the  temperature head A t a .  Noyes and Lurie [33] 

measured t h e  temperature pu l sa t ions  of a heating wall during bo i l ing  of 
sodium using a thermocouple f ixed  (welded) near t h e  heating surface.  The 
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processing of t h i s  da t a  ind ica t e s  t h a t  t he  resonant frequency of pulsat ions 
is about 1.7 Hz. with a sodium pressure of about 0.1 a t m .  abs. 

0* r  


40torsec 

Figure Change in Temperature
of Heating Surface During Boi l ing  
of Water a t  Atms heric Pressure[901. = 547-10t3 kcal/m2*hr. 

A comparison of t h e  r e s u l t s  of 
measurements of temperature a t  t h e  heat­
ing su r face  on t h e  s i d e  of t h e  l i qu id  and 
t h e  s i d e  of t h e  wall during bo i l ing  of 
water and sodium ind ica t e s  t h a t  i n  both 
cases t h e r e  are temperature pulsat ions,  
t h e  values of which a r e  comparable with 
mean temperature head A t a .  With i d e n t i c a l  

pressures  and heat f l uxes ,  t h e  frequency 
of temperature pulsat ions of t h e  heating 
surface f o r  water i s  g rea t e r  than f o r  
sodium. J u s t  as with convective heat 
exchange, during developed bo i l ing  of 
sodium t h e  thickness of t h e  thermal bound­

a ry  l aye r  is considerably g r e a t e r  than during bo i l ing  of water. 

According t o  t h e  d a t a  of [151] during bo i l ing  of water a t  atmospheric 
pressure t h e  heating of t h e  l i qu id  i n  t h e  volume i n  r e l a t i o n  t o  t h e  vapor 
amounts t o  some t en ths  of a degree, whereas the  temperature heat A t a  i s  
about 10°C. In t h i s  case,  i n  order  t o  c a l c u l a t e  t h e  coe f f i c i en t  of heat 

t r a n s f e r  w e  can use both A t a  and A t s .  Usually, t h e  coe f f i c i en t  of heat 


t r a n s f e r  is r e l a t e d  t o  A t s y  although i n  many experiments A t a  i s  measured, and 


no correct ions t o  6 t  a r e  entered during processing of experimental da t a .  

Analysis of experimental d a t a  of t h e  authors and from [17, 191 ind ica t e s  

t h a t  super heating of t h e  l i qu id  6 t  during bo i l ing  of metals i n  t h e  range of 

pressures  invest igated may be g rea t e r  than some t e n t h s  of a degree. Super 

heating of t h e  l i qu id  during bo i l ing  r e s u l t s  from t h e  f a c t  t h a t  a port ion 

of t h e  heat  l i be ra t ed  by t h e  heating surface is transmitted t o  t h e  l i qu id ,  

then within t h e  volume from t h e  l i qu id  t o  t h e  vapor. The quant i ty  of heat /164 

Q transmitted from l iqu id  t o  vapor can be expressed as: 


(IV.3) 

where dF4 is t h e  elementary surface area of t h e  phase separat ion boundary; 

6t is t h e  super heating of t h e  l i q u i d  i n  t h e  zone dF
$ *  

Where Q = const and 

pS 
= const,  6 t  w i l l  be g r e a t e r ,  t h e  less t h e  area of t h e  surface of t h e  

phase separat ion boundary F0 and t h e  value of ab. In t h i s  case,  when t h e r e  

is no bo i l ing ,  t h e  phase separat ion boundary i s  t h e  f r e e  surface,  t he  value 
of superheating 6 t  should be maximal. With unstable  bo i l ing ,  superheating 
6 t  should a l s o  be g r e a t e r  than with developed bo i l ing ,  s i n c e  F4l i s  g rea t e r  

with developed bo i l ing .  This has been confirmed by t h e  experimental data  of 
t h e  authors.  Actually, super heating of a l i qu id  i n  r e l a t i o n  t o  t h e  vapor, 
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Figure 97. Distribution o f  Temperatures in Sodium During
Developed Boiling (Data o f  the Authors). q - 0.7=106 
kcal/m2*hr; tZ = 785"C, H is the Distance From The Heating 

Surface. 
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as measured by a moving thermocouple, during hea t  removal by convection 
with subsequent l i b e r a t i o n  of heat by evaporation from t h e  f r e e  surface 
was g r e a t e r  than with unstable  b o i l i n g  with comparable heat flows and 
pressures ,  and was g r e a t e r  with unstable  bo i l ing  than with developed boi l ing.  
These discussions are a l s o  confirmed by experiments on water [153]. For 
surfaces  with g rea t  roughness, having a l a rge  number of cen te r s  of vapor 
formation and consequently a l a r g e  area of t h e  phase separat ion boundary F4 '  
lower values of super heating 
f i c i e n t s  are produced. 

f!.Mbl 

- 0 IO 20 30 140 At," 

Figure  98. Distr ibut ion of 
Temperature i n  Sodium During 
Heat Remova 1 by Convect ion 
Without Boiling (Data o f  t h e  
Authors) q = 0.2*106 kcal/ 
m 2 * h r ,  t Z= 789°C; H is  t h e  
Distance From the Heating 
Surf ace. 

6 t  and higher values of heat t r a n s f e r  coef-

Conditions of Seeding  o f  Vapor Bubbles  

The problem o f  seeding of t h e  vapor 
phase i n  a l i qu id  has been s tudied 
t h e o r e t i c a l l y  on a number of works, f o r  
example [154-1591, and has been invest igated 
experimentally [78, 100, 160-1661, 

If t h e  dimension of a new phase cen te r ,  
including t h e  vapor phase, i s  l e s s  than a 
certain c r i t i c a l  dimension p * ,  t h e  cen te r  
i s  unstable  and w i l l  disappear after a 
c e r t a i n  time i n t e r v a l  following its formation. 
Centers of a new phase having dimensions /165-
equal t o  p*  are ca l l ed  seeds.  In order  t o  
form t h e  new phase, its seeds must be formed 
i n  t h e  old phase. The p robab i l i t y  of 
formation of a new phase i n  an old phase JI 
is  determined by the  work W required for 
formation of t h e  new phase 

1v 
$ - e  fir. ( I V .  4) 

It  follows from t h i s  dependence t h a t  t h e  
less W, t h e  g rea t e r  JI .  Homogeneous formation 
of vapor seeds (within t h e  volume of a super 
heated l i qu id )  and heterogeneous formation 
( i n  t h e  presence of a separat ing surface)  
are distinguished. The problems have been 
analyzed i n  d e t a i l  i n  [154, 1591. 

V. P .  Skripov [160], f o r  example, super­
heated water a t  atmospheric pressure ( in  another l i q u i d  having a higher 
bo i l ing  point and forming mutually insoluble  vapors with water) t o  about 
300°C. The r e s u l t s  produced by V.  P.  Skripov [160, 1611 agree well with 
t h e  calculated values of superheating according t o  the  formula of Dering-
Fol'mer f o r  volumetric bo i l ing  with homogeneous seed formation, presented 
i n  [161] 
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CIV .5) 

where J
Z 

is t h e  number of vapor seeds formed over time T i n  a l i qu id  con­

t a i n i n g  z molecules; m* is t h e  m a s s  of a molecule; x = 1 - P/Ps; r* is  t h e  

heat  of vapor formation pe r  molecule; P i s  t h e  pressure i n  the l i q u i d ;  u and 
P a r e  taken a t  t h e  super heating temperature. The boundary of  super heat-

S 
ing is considered t h e  temperature a t  which one seed arises i n  one second 
p e r  1 c m 3 .  It  should be noted t h a t  a t  temperatures near t h e  temperature of 
volumetric bo i l ing ,  J, depends very s t rongly on temperature. For example, 
a t  atmospheric pressure,  according t o  t h e  ca l cu la t ions  using formula (IV.5) 
performed i n  [161], f o r  e thyl  alcohol Jz = 1 cm-3 sec-l and Jz = 1020 
sec-l a t  188 and 198°C respect ively.  An estimate of t he  temperature of 
t h e  beginning of volumetric bo i l ing  of sodium a t  atmospheric pressure using 
formula (IV.5) gives  t h e  value t -180OOC. 

The r e l a t i v e l y  s l i g h t  super heat ing of l i qu ids  required f o r  bo i l i ng  t o  
start usual ly  encountered i n  p r a c t i c e  r e s u l t  from f a c t o r s  which f a c i l i t a t e  
t h e  beginning of bo i l i ng .  L e t  us  analyze i n  g rea t e r  d e t a i l  t h e  conditions 
of formation of t h e  vapor phase on t h e  surfaces  of s o l i d  bodies. Y e .  I .  
Nesis [156], on t h e  b a s i s  of analysis  of work W r e l a t e d  t o  t h e  formation of 
a vapor seed, has shown t h a t  W w i l l  be  minimal, with otherwise equivalent 
conditions,  i f  t h e  l i qu id  does not w e t  t h e  surface.  In h i s  work he concludes 
t h a t  t h e  centers  of vapor formation are "active pores1' i n  t h e  walls of t h e  
ves se l .  These pores a r e  a c t i v e  i f  t h e i r  dimensions l i e  within c e r t a i n  l i m i t s ,  
dependent on the  contact wetting angle 8, t h e  degree of superheating of t he  
l i qu id  A t s ,  and f o r  t h e  surfaces  being wet, on t h e  length of preliminary 

contact of t h e  l i qu id  with t h e  wall. This l a t te r  condition is  r e l a t e d  t o  
the  so lu t ion  of gas i n  the  l i qu id  located i n  t h e  pores. Bankoff [157] 
analyzed t h e  conditions of seeding of t h e  vapor phase i n  t h e  volume of a 
homogeneous l i qu id ,  on a f l a t  surface,  on s t eps  and depressions i n  the  sur­
face.  He showed t h a t  fo r  b o i l i n g  t o  s tar t  under these conditions with t h e  
contact wetting angles usual ly  encountered i n  p r a c t i c e ,  great  superheating 
of t h e  l i q u i d  is required.  The centers  of vapor formation, Bankoff concludes, 
might be non-wet depressions or w e t  depressions f i l l e d  with gas or vapor. 
Similar conclusions are drawn i n  a number of o the r  works. The thermodynamic 
approach t o  t h e  analysis  of conditions of seeding of t h e  vapor phase used i n  
[154-1591 is  general  i n  na tu re  and is v a l i d  both f o r  non-metallic l i q u i d s  and 
f o r  l i q u i d  metals. 

The conclusions of t h e  t h e o r e t i c a l  works a r e  confirmed by a number of 
experiments. I n  [163, 1663, it is reported t h a t  water a t  atmospheric pressure 
was heated i n  clean g l a s s  t o  20O-27O0C. The contact wetting angle of c lean 
g l a s s  by water is near 0" [164]. 
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Sabersky [165] succeeded i n  superheating water a t  atmospheric pres­
s u r e  on very clean wires t o  15O-16O0C, af ter  first subject ing t h e  e n t i r e  
system t o  t h e  e f f e c t s  of high pressure (up t o  1,000 atm. abs.) o r  ca re fu l  
degassing. Under t h e  inf luence of t h e  high pressure,  t he  gas located i n  t h e  
scratches and t h e  depressions is dissolved i n  t h e  l i q u i d  [163]. 

According t o  t h e  d a t a  of [17] f o r  sodium on s t a in l e s ;  steel  surfaces ,  
t h e  contact wetting angles a t  120°C a r e  100-llOo. A s  t h e  temperature is 
increased, t h e  wetting angle decreases cont inual ly .  A t  temperatures over 
35OoC, complete wetting occurs, t h a t  is t h e  contact angles a r e  near 0'. 

In  [167, 1681, t h e  w e t t a b i l i t y  of pure metal surfaces  by sodium was 
s tudied.  I t  was discovered t h a t  t h e  G e t G b i l i t y  (e < 90") 'of su r f aces  of 
such metals as, f o r  example, molybdenum, tungsten,  chromium begins a t  tem­
peratures  over 16OoC, and t h e  time required f o r  wetting decreases with 
increasing temperature. The onset of wetting i s  explained i n  [17, 167, 
1681 b y t h e  reduction of sodiuni on t h e  surfaces  of t h e  oxide f i l m s .  

I t  was noted i n  t h e  second Chapter t h a t  as t h e  contact time with t h e  
heating su r face  increases ,  f o r  example f o r  s t a i n l e s s  s t e e l  surfaces  and 
sodium, t h e  superheating of t he  l i qu id  A t  

S 
required f o r  b o i l i n g  t o  begin 

decreases.  This can be explained by t h e  fact t h a t  as time passes t h e  a rea  
of t h e  heating surface covered with t h e  oxide f i l m s  is decreased. Probably 
t h e  ox ide ' f i lms  are reduced i n  depressions with minimum dimensions l a s t ,  and 
these  depressions begin t o  be wet by the  sodium. This should a l s o  be t r u e  /167 
i n  r e l a t i o n  t o  other  l i qu id  metal heat  t r a n s f e r  media which a r e  g e t t e r s  
(reducing oxide f i l m s )  i n  r e l a t ionsh ip  t o  t h e  s t r u c t u r a l  metal. 

The seeding of bubbles only i n  depressions o r  scratches on t h e  heating 
surface was observed d i r e c t l y  i n  experiments with ordinary l i qu ids  described 
i n  [loo, 169-1711. Corty and Foust [ loo ] ,  i n  experiments with a number of 
organic l i q u i d s ,  discovered t h a t  t h e  superheating required t o  s top  boi l ing 
depends on the  time which has passed a f t e r  bo i l i ng  has stopped. This can be 
explained by t h e  f a c t  t h a t  t h e  g rea t e r  t h e  time passed s ince  t h e  moment a 
bubble has separated,  t h e  l e s s  vapor remains i n  t h e  depression due t o  i t s  
condensation. A s  t h e  contact wetting angle decreases t h e  penetrat ion of 
l i qu id  i n t o  depressions f i l l e d  with gas o r  vapor i s  f a c i l i t a t e d  [157]. 

When t h e  heating surface i s  not w e t  by t h e  l i qu id ,  bo i l i ng  begins a t  
temperatures on t h e  heat ing surface near t h e  sa tu ra t ion  temperature. This 
has been observed i n  experiments with water [96, 1721 and mercury [ l - l o ] .  

I t  was experimentally demonstrated i n  [169] t h a t  under isothermal con­
d i t i o n s ,  t h e  radius  of t h e  mouth of a depression act ing as a center  of vapor 
formation agrees s a t i s f a c t o r i l y  with t h e  radius  of a vapor seed p *  calculated 
according t o  the  formula 

(IV.6) 
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However, with an uneven temperature f i e l d  a t  t h e  heating wall a c t i v i z a t i o n  
of t h e  same vapor formation centers  r equ i r e s  more intensive superheating 
A t s  than t h a t  corresponding t o  formula (IV.6). Hsu [173], on t h e  b a s i s  of 

t h e  assumption t h a t  a bubble i n  a depression of radius  p can a r i s e  only i f  
superheating of t he  l i qu id  A t s  ca lculated according t o  forniuJa (IV.6) is  
reached f o r  d i s t ance  p* from t h e  heat ing surface,  produced i n  expression f o r  
estimation of t h e  maximum pmax and minimum pmin r a d i i  of depressions on t h e  

heating surface which can a c t  as vapor formations centers  with tw= const o r  

q = const.  For t h e  case of tw= const with the l i qu id  heated t o  ts 

where 6* is a c e r t a i n  thickness of t h e  boundary layer ;  C1, C 2 a r e  constants 

defined by experiment. The comparison of formula (IV.7) with avai lable  
sparce experimental d a t a  on water, pentane and e the r  performed by Hsu, has 
shown t h a t  t h e  experimental values of p l i e  between pmax and pmin calculated /168 

according t o  formula (IV.7). I t  i s  not yet  possible  t o  use formula (IV.7) 
f o r  metals, s ince  as yet  t h e r e  a r e  no experimental d a t a  f o r  determination of 
C1, C 2  and 6*, which are e s s e n t i a l l y  determined on the  bas i s  of experimentation 
by determining t h e  dependence of p on At. However, as was shown i n  [173] , 
t h e  dependence of p* on A t s  according t o  formula (IV.6) passes approximately 

equ id i s t an t ly  from t h e  dependence of pmin on A t s ,  d i f f e r i n g ,  f o r  example, 

f o r  water (where A t  
S 

> 5°C and Ps = 1 atm. abs.) by only two times.  This 

gives  us some b a s i s  f o r  estimation of t he  minimum value of t h e  radius  of a 
depression ( f i l l e d  with a vapor o r  gas) which can act  as a vapor formation 
center  by using formula (IV.6). 

Figure 99 shows t h e  dependence of p* according t o  formula (IV.6) on 
pressure f o r  sodium, potassium,cesium, mercury, water and ethyl  alcohol 
with a l i qu id  superheating A t  S of 1°C. We can s e e  t h a t  with i d e n t i c a l  

absolute pressures ,  t h e  value of p* f o r  metals i s  g rea t e r  than f o r  water and 
e thy i  alcohol.  

Figure 100 sh’ows t h e  dependence of p* on reduced pressure f o r  A t s  = 1°C 

f o r  t h e  same mater ia ls  as on Figure 99. With i d e n t i c a l  reduced pressures ,  
t h e  d i f f e rence  between values of p* f o r  t hese  l i q u i d s  i s  even less than with 
i d e n t i c a l  absolute pressures ,  and f o r  the a l k a l i  metals analyzed t h e  depend­
ence of p *  on P/Pcr is p r a c t i c a l l y  i d e n t i c a l .  Figures 99 and 100 ind ica t e  

t h a t  t h e  dimensions of depressions ac t ing  as centers  of vapor formation f o r  
a l k a l i  metals and mercury should be l a rge r  than f o r  water and ethyl  alcohol 
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P s ,  atm.abs. 

Figure 99. Dependence of Vapor 
Seed Radius p" on Absolute Pres­
sure  for  Certain Metals and Non­
meta l l i c  L i q u i d s ,  Calculated 
According t o  Formula ( rv .6)  
(Superheating 1 " C )  . 1 , Mercury; 
2 ,  Sodium; 3 ,  Potassium; 4 ,  
Cesium; 5 ,  Water; 6 ,  E t h y l  
alcohol.  

with comparable P
S 

and A t s .  For example, 

p*  f o r  sodium should be approximately t e n  

times as l a rge  as f o r  water. Most experi- /169 

ments with sodium have been performed 

on surfaces  with ordinary f in i sh ing ,  on 

which water (without degassing of t h e  

vapor formation centers)  a t  atmospheric 

pressure b o i l s  a t  A t  

S 
usua l ly  not over 


5°C.  If we consider t h a t  t h e  same de­

pressions,  f i l l e d  with gas o r  vapor, a c t  

as vapor formation centers  f o r  sodium, 

then A t  f o r  sodium, calculated according


S 
t o  formula (IV.6) on t h e  assumption of 
p = idem, w i l l  be approximately 225OC and 
8OoC with ts 700 and 800°C respect ively.  

However, t h i s  comparison does not con­
s i d e r  t h e  d i f f e rences  i n  contact wetting 
angles,  which may be q u i t e  e s s e n t i a l ,  
f o r  water and sodium on t h e  metal surfaces .  

As t h e  contact wetting angle is 
decreased, t h e  superheating required f o r  
bo i l i ng  of a l i qu id  on t h e  heating surface 
t o  begin, increases  both due t o  an increase 
i n  t h e  work required f o r  formation of a 
vapor seed (with p *  = const)  and due t o  
t h e  reduction i n  dimensions of vapor o r  
gas phase i n  t h e  depression as a r e s u l t  
of f a c i l i t a t i o n  of f i l l i n g  of t h e  depres­
s ion  with l i qu id  with decreasing e .  

Thus, high superheating o f  a l k a l i  /170 
metals,  p a r t i c u l a r l y  sodium and potassium, 
produced i n  experiments using a number of 
s t r u c t u r a l  ma te r i a l s  as heat ing surfaces ,  

can be explained by t h e  l a rge  dimensions of vapor seeds (calculated f o r  
A t s  = 1 ° C )  and t h e  good wetting of t hese  s t r u c t u r a l  materials with t h e  a l k a l i  

metals. 

A number of authors [ l o o ,  101,  170, 174-1771 have performed experimental 
invest igat ions i n t o  t h e  number of vapor formation centers  N per  u n i t  area of 
t he  heating surface during bo i l ing  of water, organic l i qu ids  and aqueous 
s a l t  solut ions.  In  a l l  t hese  works, a s t rong increase of N has been noted 
with increasing A t  . For example, according t o  [176], t h e  densi ty  of vapor

S 

formation centers  i s  176 cm-' with a heat f l u x  of 860-103 kcal/m2*hr. For 
rough surfaces ,  with otherwise equivalent conditions,  N i s  g rea t e r  than f o r  
smooth surfaces  [ l o o ,  101, 1741. With increasing pressure (with q = const) 
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p: M I  'C 
t h e  number of a c t i v e  vapor formation 
centers  increases [174, 1751. With 
increasing degree of roughness of t h e  
heating surface and with increasing 
pressure,  t h e  number of ac t ive  vapor 
formation centers  should a l so  increase 
during bo i l ing  of metals.  Experimental 
data  on t h e  number of a c t i v e  centers  
of vapor formation during bo i l ing  of 
metals have not ye t  been produced. 

S t a b i l i t y  o f  0-peration o f  Vapor 
Format ion Centers 

The most probable vapor formation 
centers  during bo i l ing  of l i q u i d ,  as 
has been noted, are depressions on 
t h e  surface of t h e  heating w a l l ,  f i l l e d  
with gas o r  vapor. The s t a b i l i t y  of 

Figure 100. Radius o f  Vapor Seed 
Formation p;t For Certain Metals 
and Non-metallic L i q u i d s  Calcu­
lated According t o  Formula ( l v - 6 )
(Superheating o f  1 ° C )  A s  A 
Function o f  Reduced Pressure. 
1 ,  E t h y l  a lcohol ;  I I ,  Water; 
1 1 1 ,  Mercury; I V ,  Sodium, potas­
s i u m ,  cesium. 

10-2 p/pCr 	 operation of vapor formation centers  
i s  q u i t e  s i g n i f i c a n t  f o r  t he  process
of heat exchange during bo i l ing ,  
p a r t i c u l a r l y  when t h e  number of a c t i v e  
centers  of vapor formation i s  not 
g rea t .  For example, during developed
b o i l i n g  of sodium i n  t h e  pressure range 
of approximately 0.1-1 a t m .  abs . ,  t he  
temperature heats  a r e  approximately
the  same as during bo i l ing  of water a t  
atmospheric pressure.  This gives us 
reason t o  assume t h a t  during developed 

bo i l ing  of sodium, pr imari ly  l a rge  depressions a c t  as vapor formation cen te r s .  
On surfaces  not subjected t o  spec ia l  working, t he  d i s t r i b u t i o n  of depressions 
by dimensions should be near normal. Therefore, t h e  number of "large" 
depressions, which pr imari ly  a c t  as vapor formation centers  f o r  t he  bo i l ing  
of sodium, w i l l  be  r e l a t i v e l y  small. Obviously, t h e  l e s s  t h e  number of 
a c t i v e  cen te r s  of vapor formation on t h e  heat ing surface,  t h e  higher t h e  
p robab i l i t y  t h a t  b o i l i n g  w i l l  s t op  on t h i s  surface o r  over individual s ec to r s  
of t h e  surface.  As t h e  pressure i s  reduced, t h e  number of ac t ive  centers  of 
vapor formation decreases.  The operation of individual  vapor formation 
centers  has been seen t o  s top  (with q = const) i n  experiments with non­
me ta l l i c  l i qu ids  [73, 1141. The t r a n s i t i o n  from heat removal with developed 
b o i l i n g  t o  heat removal with unstable  bo i l ing  and from heat removal with 
bo i l ing  t o  heat  removal by convection with unchanging values of q and Ps, 

::characteristic f o r  a l k a l i  metals i n  the pressure range invest igated,  i nd i ­
cate t h a t  t h e  operat ion,of  some o r  a l l  of t h e  vapor formation centers  have 
stopped operating. If a f t e r  a bubble i s  separated,  a depression is  f u l l y  
o r  even p a r t i a l l y  f i l l e d  with l i qu id ,  t h i s  vapor formation center  w i l l  cease 
t o  function. The p robab i l i t y  of f i l l i n g  of a depression with l i q u i d ,  as  
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Bankoff has noted [157, 178, 1791, i s  g rea t e r ,  the  l e s s  t he  contact wetting 
angle e and t h e  g r e a t e r  t h e  absolute geometric dimensions of t h e  depressions.  
For example, f o r  a conical depression with a s o l i d  angle 8 ,  t h e  condition 
of r e t en t ion  of t h e  vapor (gas) Bankoff considers t o  0 > B. According t o  
G r i f f i t h  [169], "the most s t a b l e  depressions are those f o r  which t h e  contact 
wetting angles a r e  g r e a t e s t .  'I Depressions with parafinned surfaces  i n  experi­
ments described i n  [169] operated more s t a b l y  as vapor formation centers  
than depressions of t h e  same geometry and dimensions with clean surfaces .  
I t  was shown i n  [169] t h a t  i f  a depression expands downward, it should be 
s t a b l e  (as a center  of vapor formation) i n  a l l  cases.  Obviously, t h e  
g r e a t e r  t h e  contact time of t h e  l i q u i d  with t h e  surface i n  t h e  area of t he  
depression, t h e  higher t h e  p robab i l i t y  of f i l l i n g  of t h i s  depression with 
l i qu id .  Due t o  t h e  high temperature conductivity involved i n  the  bo i l ing  of 
metals,  both t h e  thickness of t h e  boundary l aye r  and t h e  heating time of 
t h e  l i qu id  a f t e r  separat ion of a bubble required t o  reach t h e  temperature 
necessary f o r  seeding a new bubble a r e  considerably g r e a t e r  than, f o r  example, 
i n  t h e  bo i l ing  of water. 

In order f o r  a new vapor bubble t o  a r i s e  on a vapor formation center  
a f t e r  separat ion of an old vapor bubble, t h e  l i qu id  i n  t h e  area of t h e  
vapor formation cen te r  should be heated t o  a c e r t a i n  temperature. If we 
consider t h a t  t h e  l i q u i d  i s  heated only by input of heat through heat  con­
d u c t i v i t y ,  w e  can use t h e  so lu t ion  of t h e  un iva r i a t e  equation of heat  con­
d u c t i v i t y  i n  a semi-limited body f o r  second order boundary conditions 

(IV.8) 

(IV.9) 

(IV . l o )  

where x is t h e  d i s t ance  from t h e  heating surface.  The so lu t ion  of equation /172 
(IV.8) under conditions (IV.9), (IV.10) i s  given i n  [180] 

( I V  .11) 

If we c a l c u l a t e  t h e  heat ing time of t h e  l i qu id  at  t h e  heating surface accord­
ing t o  formula ( IV. l l ) ,  which where x = 0 can be converted t o  the  form 

(IV. 12) 
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f o r  water and sodium a t  Ps = 1 a t m .  abs. and i d e n t i c a l  q and A t s ,  then T f o r  
sodium w i l l  be  approximately 20 times g r e a t e r  than T f o r  water. 

Marto and Rohsenow [181] have produced an expression f o r  t h e  c r i t e r i o n  
character iz ing t h e  s t a b i l i t y  of bo i l i ng ,  using t h e  following s implif ied 
model of t h e  process of formation of a bubble i n  a depression. After 

separat ion of t h e  bubble, t he  cold l i q u i d  tends t o  flow i n t o  t h e  mouth of 

t h e  depression. A t  t h e  same time, t h e  w a l l  surrounding t h e  depression is  

cooled t o  a temperature equal t o  t h e  temperature of t h e  l i qu id .  I t  is 

assumed t h a t  t h e  l i qu id  is somewhat superheat’ed i n  r e l a t ionsh ip  t o  t h e  

s a t u r a t i o n  temperature at  t h e  pressure of t h e  l i qu id ,  but  t h e  temperature 

of t h e  l i q u i d  is below t h e  s a t u r a t i o n  temperature a t  t h e  pressure of t h e  

vapor i n  t h e  depression. The temperature of t h e  l i qu id  depends on t h e  

s p e c i f i c  heat  flpw, w a l l  material and bubble separat ion frequency. I t  is 

considered t h a t  t h e  fo rces  of i n e r t i a  can be ignored, s ince  t h e  l i qu id  flows 

r e l a t i v e l y  small dis tances  i n t o  t h e  depth of t h e  depression, s ince  t h e  

dimensions of t h e  depression i t s e l f  a r e  small. A s  a r e s u l t  of curvature of 

t h e  d iv i s ion  su r face  between vapor and l i q u i d ,  t h e  vapor included within 

t h e  depression is a t  higher pressure than t h e  l i qu id .  Since t h e  temperature 

of t h e  l i qu id  i s  below t h e  s a t u r a t i o n  temperature of t h e  vapor, t h e  vapor 

condenses. The vapor-liquid d iv i s ion  boundary descends i n t o  t h e  depression, 

t h e  r a t e  of descent being l imited by t h e  r a t e  a t  which t h e  hea t  ca r r i ed  t o  

t h e  separat ion su r face  by condensation of t h e  vapor can be c a r r i e d  away 

by t h e  l i qu id  due t o  its hea t  conductivity.  The l i qu id  i n  t h e  depression 

receives  heat  both from t h e  condensing vapor and from t h e  walls of t h e  

depression. A s  t h e  temperature of t he  l i q u i d  increases ,  t h e  ra te  of descent 

of t h e  phase d iv i s ion  boundary decreases and a t  a c e r t a i n  po in t ,  when t h e  

temperature of t h e  l i qu id  is comparable with t h e  temperature of t h e  vapor, 

t h e  condensation s tops  and t h e  bubble begins t o  grow again. If t h e  tempera­

t u r e  of t h e  l i q u i d  never reaches t h e  temperature of t h e  vapor, a l l  of t h e  

vapor i s  condensed and t h e  depression w i l l  no longer serve as an a c t i v e  

vapor formation cen te r .  Using a number of simplifying assumptions, Marto 

and Rohsenow produced an expression’ Cor the  r e l a t ionsh ip  of t he  maximum 

pene t r a t ion  of t h e  phase d iv i s ion  boundary i n  t h e  depression x* during t h e  /173
-
t i m e  af ter  separat ion of a bubb le . to  depth of t h e  depression L* 

(IV .13) 

-

lEmpirica1 c o e f f i c i e n t s  i n  formula (IV. 13) s e l ec t ed  f o r  physical  p rope r t i e s  of 
hea t  t r a n s f e r  medium and w a l l  expressed i n  English u n i t s .  
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where R* is t h e  radium of curvature of t h e  liquid-vapor phase d iv i s ion  

boundary ( for  a c y l i n d r i c a l  depression R * . =  Rdepr/cos Q ;  E* is an empirical 
c o e f f i c i e n t  (E* < 1 ) ;  C, i s  an empirical coe f f i c i en t  changing as a funct ion 
of t h e  , s ta te  of t h e  surface;  a, i s  t h e  empirical value o f  t h e  exponent, 
changing as a function of t h e  s ta te  of t he  surface.  

The authors of [181] note t h a t  "due t o  t h e  simplifying assumptions i n  
t h e  a n a l y t i c a l  expression he re  presented and t h e  necessi ty  of f i x i n g  t h e  
diameter and depth of t h e  depression, w e  cannot affirm t h a t  t h e  p rec i se  
requirement of s t a b i l i t y  is n* < 1, but can assume t h a t  t h e  value of n* is a 
comparative index: t h e  operating conditions f o r  which n* is g rea t  are less 
s t a b l e  than conditions f o r  which n* is  small." 

In  Table I V . l ,  we present values of n* calculated by Marto and Rohsenow 
f o r  t h e  case of b o i l i n g  of various l i qu ids  on a surface of s t a i n l e s s  steel  
(type 316) at  atmospheric pressure.  

In ca l cu la t ing  t h e  values of n* presented i n  Table I V . l ,  w e  used t h e  
following values of q u a n t i t i e s  : q = . 136*103 kcal/m2*hr; r ad ius  of cy l ind r i ca l  
depression R* = 0.03 mm, depth of depression L* = 0.3 mm (L*/ddepr = 51, 
b* = 20; a, = 0.92; C, = 486.5; E* = 0.3. The value of t h e  contact angle 
f o r  sodium is taken by estimation, and t h e  frequency on t h e  b a s i s  of e s t i ­
mates r e s u l t i n g  from recording of noises  made during b o i l i n g  of sodium [19].
The values of 8 and f f o r  other  l i q u i d s  a r e  taken from t h e  l i t e r a t u r e .  

We can see  from the  Table t h a t  f o r  sodium n* is e s s e n t i a l l y  g rea t e r  
(although n* > 1 has no physical sense) than n* f o r  o the r  l i qu ids ,  f o r  which 
s t a b l e  bo i l ing  i s  observed. The f a c t o r s  considered by equation (IV.13) are 
divided by Marto and Rohsenow i n t o  the  following groups: physical  propert ies  
of l i qu id  and vapor, p rope r t i e s  of surface ma te r i a l ,  heat flow and'depres­
s ion  geometry. Let u s  analyze t h e  e f f e c t s  of each of t hese  f a c t o r s  i nd i ­
vidual ly .  

The physical p rope r t i e s  of t h e  l i q u i d  and vapor a r e  considered i n  (IV.13) 

by t h e  term t i m / ( r y " ) 3 .  As t h i s  term increases ,  t h e  i n s t a b i l i t y  should 
P 

increase.  For a l k a l i  metals t h e  value of t g  m / ( r y 1 1 ) 3  i s  g rea t ,  s ince  /174
P 

a l k a l i  metals have high bo i l ing  point ts, high heat conductivity X and low 

s p e c i f i c  g rav i ty  of t h e  vapor y" a t  t h e  pressures which have been s tudied t o  
da t e .  Furthermore, a l k a l i  metals should wet a number of metal surfaces  well 
( for  example, f o r  sodium and s t a i n l e s s  s t e e l ,  as was noted, a t  t > 35OoC, 
e is near 0" ) ,  and t h e  frequency of separat ion of vapor bubbles during b o i l ­
ing of a l k a l i  metals,  i n  any case with p << Pc r  should be low. This leads 

t o  r e l a t i v e l y  high values of t h e  terms 
+ 

1 
sin and -1 (a, > 0). With 

fa* 
increasing pressure,  t h e  value of tz m ( r y l f ) 3  decreases and t h e  value of

P 
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-should increase due t o  an increase i n  t h e  frequency of bubble separation; 
fa* 

Consequently, t h e  s t a b i l i t y  of b o i l i n g  should increase.  Actually,  as t h e  

pressure increases ,  t h e  b o i l i n g  of sodium becomes more s t a b l e .  With increas­ 

ing pressure,  t h e  number of a c t i v e  vapor formation centers  increases ,  which 

doubtless has a s t a b i l i z i n g  effect on t h e  process of bo i l i ng .  Therefore, on 

t h e  b a s i s  of t h e  ava i l ab le  experimental data ,  it is d i f f i c u l t  t o  judge t h e  

r o l e  of t h e  complex ti m / ( r y t t ) 3  i n  s t a b i l i z a t i o n  of t h e  bo i l ing  process 


P 
with increasing P

S' 
according t o  equation (IV.13). 

TABLE I V . l  

L i q u i d  Dynam i c Bubb le  
contact separation Val u e  of n* 
angl e frequency

e' ' f ,  l / sec  

Methyl alcohol 46 27 1 .37*10m5 

Liquid nitrogen 0 95 3 3 0 - 1Om5 

Water 80 32 1 .7*10-5 

Water 60 32 1 5.4-10m5 
Water 0 32 116.10-5 

Sod i um 0 1 . 3  6.23 

The p rope r t i e s  of t h e  surface mater ia l  i n  formula (IV.13) a r e  considered 

by t h e  term . For metals with high values of heat conduc­
al-a*jXw y c 

W pw 
t i v i t y  and temperature conductivity (exponent a, i n  formula (IV.13) is  l e s s  than 

l), f o r  example f o r  molybdenum and n i cke l ,  expression 1 is  l e s s  
al-a*Jh y c 

W w w Pw 
than f o r  metals with lower values o f  t hese  q u a n t i t i e s ,  f o r  example, f o r  

s t a i n l e s s  s t e e l .  Consequently, with i d e n t i c a l  d i s t r i b u t i o n  of vapor formation /175
-
cen te r s ,  bo i l i ng  of a l k a l i  metals over a surface of s t a i n l e s s  s t e e l  should be 
less s t a b l e  than over a surface of molybdenum or n icke l .  However, as ye t  
t h e r e  are no reliable experimental d a t a  which could confirm t h i s  dependence. 

With increasing heat  flow, t h e  s t a b i l i t y  of bo i l i ng  should increase,  
s i n c e  n* depends on t h e  heat flow t o  t h e  (2a, - 1) power, and t h e  value of 
a, > 0.6 [181]. Experiments have shown (see Chapter 2) t h a t  with increasing 
heat flow, bo i l ing  becomes more s t a b l e .  The geometry of t h e  depression a l s o  
has an e s s e n t i a l  r o l e  i n  t h e  s t a b i l i t y  of bo i l i ng .  The g rea t e r  L*, t h a t  is 
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t h e  deeper t h e  depression and t h e  less 2a/AR*, t h e  more s t a b l e  bo i l ing  
should be.  If t h e  wetting angle 8 reaches 90" o r  if t h e  form of t h e  
depression is such t h a t  t h e  rad.ius of curvature increases  with depth, t h e  
s t a b i l i t y  of bo i l i ng  should a l s o  increase.  Therefore, t h e  operation of 
cy l ind r i ca l  and conical depressions f o r  centers  of vapor formation should be 
less s t a b l e  than, f o r  example, mushroom shaped depressions (expanding down­
ward). 

Thus, t h e o r e t i c a l  works i n  experiments show t h a t  t h e  s t a b i l i t y  of 
operation of a depression as a center  of vapor formation, with otherwise 
equivalent conditions,  depends on t h e  dimensions and geometry of t h e  
depression, i t s  w e t t a b i l i t y  by the  l i qu id  and t h e . c o n t a c t  time of  t h e  depres­
s ion  with the  l i qu id  a f t e r  separat ion of a vapor bubble. 

Growth o f  Vapor Bubbles 

Experimental data  on t h e  ra te  of growth of vapor bubbles during bo i l ing  
of metals have not as ye t  been produced. In [182], some experimental da t a  
are presented on t h e  separat ion diameters of  vapor bubbles during bo i l ing  
of potassium, produced using x-ray cinamatography. For f i v e  bubbles, i n  
addi t ion t o  t h e  dimensions of t h e  separat ion diameters and t h e  growth time 
of t h e  bubbles t o  t h e  separat ion diameters, t h e  temperature hea t s  were a l s o  
produced. In the  first approximation, t hese  d a t a  might i nd ica t e  a c e r t a i n  
average ra te  of growth of vapor bubbles during bo i l ing  of potassium under 
t h e  conditions under which t h e  experiments were performed. The r e s u l t s  0.f 
[182] can be looked upon only as preliminary. 

Invest igat ion of t h e  r a t e  of growth of vapor bubbles during bo i l ing  of 
non-metallic l i q u i d s  has been t h e  subject  of a number of experimenta1,works. 
The growth of vapor bubbles over t h e  heat t ransmit t ing surface has been 
s tudied experimentally, f o r  example, i n  [151, 171, 183, 1841. Dergarrbedian 
[185] produced experimental da t a  on t h e  growth of vapor bubbles i n  t h e  volume 
of an evenly superheated l i q u i d ,  In a number of works, t h e  problem of 
t h e  growth of vapor bubbles i n  the  volume of an evenly superheated non­
moving l i qu id  [186-1891 and over a heated wall 1123, 189-1911 has been 
s tudied t h e o r e t i c a l l y .  

In [186, 187, 1891, i d e n t i c a l  equations have been produced (with an /176 
accuracy t o  a constant)  f o r  t h e  asymptotic (R >> p*)  growth of a vapor bubble 
i n  t h e  volume of an evenly superheated l i qu id  

R = b, 
2C,'& 

m y "
(nat)"' 

(IV. 14) 

The value of coe f f i c i en t  br i s  &;7~/2;6 according t o  Plesset  and Zwick 

[186], Forster  and Zuber 11871 and D .  A. Labuntsov [189] respect ively.  The 
equati.on (IV.14) was produced under t h e  following p r inc ipa l  assumptions: 
1 )  a bubble has spherical  form during growth; 2) t h e  temperature of t h e  vapor 
i n  t h e  bubble is equal t o  t h e  temperature of t h e  l i q u i d  a t  t h e  wall of t h e  
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bubble. This means t h a t  t h e  ra te  of evaporation is g rea t  i n  comparison 
t o  the  r a t e  of bubble growth; 3) t h e  r a t i o  of enthalpy of superheating of 
t he  l i qu id  pe r  u n i t  volume t o  enthalpy of l a t e n t  heat of evaporation pe r  
u n i t  volume of t h e  vapor 

(IV.15) 

Condition (IV.15) i s  f u l f i l l e d  a t  r e l a t i v e l y  low pressures (y >> y”) and 
means physical ly  t h a t  t h e  thermal boundary l aye r  of t h e  bubble during t h e  
process of its growth changes in s ign i f i can t ly ;  4) t h e  i n e r t i a l  e f f e c t s  
r e s u l t i n g  from t h e  growth of t h e  bubble a r e  s l i g h t  and.have no influence on 
bubble growth. 

When t h e  temperature on t h e  surface of t h e  bubble and t h e  thickness of 
t h e  boundary l aye r  a r e  analyzed as functions of time, t h e  equation f o r  
bubble growth becomes more complex. Considering these  f a c t o r s ,  t he  following 
equation is produced i n  [189] f o r  bubble growth: 

(IV.16) 

In [183], on t h e  basis of processing of t abu la r  d a t a  from Scriven [188] on 
t h e  growth of bubbles i n  t h e  volume of a superheated l i qu id ,  produced by 
ana ly t i c  calculat ion,  t h e  following dependence i s  suggested : 

When conditions (IV.15) a r e  f u l f i l l e d ,  formulas (IV.16) and (IV.17) become 
formula (IV. 14).  

The equation f o r  growth of a vapor bubble over t h e  heating surface has /177 
been suggested by Zuber [123] and D .  A .  Labuntsov [189] i n  t h e  following forms 
respect ive 1y 

(IV.18) 
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. . 

The values of BL i n  f o m u l a  (IV.19) i s  taken as 6 i n  [183] on the  b a s i s  

of experimental data .  

Equation (IV.18) was produced on t h e  b a s i s  of t h e  assumption t h a t  t h e  
p r inc ipa l  quan t i ty  of hea t  i s  supplied t o  t h e  bubble from t h e  surrounding 
layer of superheated l i q u i d ,  and t h a t  heat t r a n s f e r  from t h e  w a l l  t o  t h e  
base of t he  bubble is  s l i g h t .  Labuntsov produced equation (IV.19) by con­
s ide r ing  t h a t  t h e  main supply of hea t  t o  t h e  bubble is d i r e c t l y  from t h e  
wall through t h e  adjacent t h i n  l i qu id  layer .  The fact  t h a t  t h e  zone of 
intensive evaporation is located near t h e  base of t h e  bubble i s  indicated 
by t h e  r e s u l t s  of 190, 91, 1521. In order  t o  so lve  t h e  problem of t h e  
r e l a t ionsh ip  between t h e  quant i ty  of heat supplied t o  a vapor bubble a t  t h e  
zone of its base (zone of evaporation of microlayer) and t h e  quan t i ty  of heat  
supplied t o  t h e  remaining po r t ion  of t h e  surface of t h e  vapor bubble, f u r t h e r  
experimental i nves t iga t ions  must be performed. 

Equation (IV.14) describes t h e  experimental da t a  on t h e  growth of a 
bubble i n  t h e  volume o f .  superheated water '  well [l&],and agrees satis­
f a c t o r i l y  (with an accuracy of 40-50%) with d a t a  on t h e  growth of bubbles 
on a heating wall (ether,  pentane, water) a t  atmospheric pressure [171, 1831. 
Equation (IV. 18) describes t h e  experimental d a t a  i n  water at  atmospheric 
pressure.  Equation (IV.19) s a t i s f a c t o r i l y  agrees with experimental da t a  on 
t h e  growth of a vapor bubble on a heating wall, produced i n  [183] f o r  a 
broad i n t e r v a l  of pressures  (1-100 atm. abs.) and heat f l uxes  ( 3 5 0 1 0 ~ ­
1300*103 kcal/m2*hr). 

These works show t h a t  f o r  ordinary l i qu ids  i n  most cases t h e  p r inc ipa l  
f a c t o r  determining t h e  growth of t h e  vapor bubble i s  the  input of heat t o  
t h e  bubble. Only with small values of R (on t h e  order of p*) or large values 
of C

P
ybt/ry" (low pressure,  high super heating) can i n e r t i a l  e f f e c t s  

influence t h e  r a t e  of growth of t h e  vapor bubble [186, 187, 1951. 

One of t h e  p r inc ipa l  dis t inguishing p rope r t i e s  d i f f e r e n t i a t i n g  t h e  ra te  
of growth o f  a vapor bubble i n  metals from t h e  r a t e  of growth i n  ordinary 
l i qu ids  is t h e  high heat  conductivity of t h e  metals. Whereas i n  concluding 
equation (IV.14), describing experimental d a t a  f o r  water on t h e  growth of a 
vapor bubble i n  t h e  volume of t h e  super heated l i q u i d ,  it was assumed t h a t  
t h e  rate of evaporation was g r e a t ,  i n  comparison with t h e  growth of t h e  vapor 
bubble (which is defined by t h e  rate of input of heat  through t h e  boundary /178 
layer)  t h i s  assumption cannot be made for l i qu id  metals . i n  a number of cases, 
s ince  with comparable pressures (a /A)met << (ae/A) . Using the  same e H2° 
assumptions which were used i n  concluding equation (IV.14), except f o r  t h e  
second assumption, w e  can write t h e  heat balance equation f o r  t h e  bubble 

(IV.20) 
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where tl is t h e  temperature on t h e  d iv i s ion  boundary of t h e  bubble phase, 

O C ;  tl is t h e  temperature of t h e  superheated l i qu id ,  O C ;  br is t h e  same 

coeff ic ient  as i n  formula (IV.14); 
a$ 

is t h e  heat  t r a n s f e r  coe f f i c i en t  during 

t h e  phase t r a n s i t i o n ,  kcal/m2*hr "C. 

From equation (IV.20) w e  obtain 

(IV .21) 

Replacing T by z2, w e  obtain 

(IV .22) 

where 6 t  = tZ- ts. Let us represent f o r  convenience t h e  expression 

ry"/2a 
4 

6 t  as A Z ,  and t h e  expression (na)1/2ry11/2b
Y

X 6 t  as BZ; then equation 
(IV.22) takes  on t h e  form 

(IV .22a) 

Integrat ing equation (IV.22), we obtain 

R =.- 1 1-1,  + 213, -A ,  In ( A ,  + zU,)I + C,. (IV .23)
I]:  

A f t e r  f inding t h e  values of constant Cz from condition R = 0 where z = 0 and 

going over t o  our i n i t i a l  symbols, w e  obtain 

In  [49, SO], was experimentally determined f o r  condensation of /179 

potassium and sodium vapors over a cont inual ly  renewed surface of l i qu id  
metal. The experimental d a t a  agree w e l l  with t h e  formula 

(IV.25) 
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I l l  H I I  I I 1  I 1  


with a value of t h e  condensation coe f f i c i en t  
: f = 1. However, t h e  problem of how t h e  values 

of ci
9 

w i l l  change i n  t h e  process of bubble growth 

i n  metals i n  various cases can be solved only on 
t h e  basis of measurement of t h e  temperature f i e l d s  
within t h e  vapor bubble and i n d i r e c t l y  on t h e  
b a s i s  of experimental d a t a  on t h e  r a t e  of growth 
of vapor bubbles, s ince  a9 is s i g n i f i c a n t l y  
influenced by impuri t ies  on t h e  phase d iv i s ion  
boundary, which may accumulate i n  t h e  process of 
bubb 1e growth. 

10.6 io-J f0-2 '0'' ,JO 
Figure 101 shows t h e  r a t i o  of r a d i i  of 

z sec bubbles f o r  sodium calculated according t o  
formulas (IV.24) and (IV.14), as a function of 

Figure 101. Ratio of t i m e  with t h r e e  values of a The values of h and 
@ *Radii. o f  Vapor Bubb les  a are taken a t  a temperature of 800°C, br i s  taken5 ,  Calculated From 

Formulas ( I V .  24) and after Forster-Zuber equal t o  IT/^.. The heat con­
( l V . 1 4 ) ,  As a Function d u c t i v i t y  and temperature conductivity of sodium 
of Time For Sodium a t  do not,-change s t rongly with temperature; t he re fo re ,  

= 800°C W i t h  t h e  r a t i o  between t h e  r a d i i  of t h e  bubbles ca l ­
t S  culated according t o  formulas (IV .24) and (IV. 14)Various Values of a9 '  f o r  other  temperatures w i l l  be  approximately t h e  
1 ,  am = lo6 kcal/m2*hroC; same. 

2 ,  c i i  = l o 5  kcal/m2*hroC; Equations (IV. 14)  and (IV .24) a r e  produced 
3 ,  = lo4  kcal/m2*hroC. 	 on t h e  assumption t h a t  t h e  growth of a vapor 

bubble i s  determined by the  input of hea t ,  and 
t h a t  i n e r t i a l  e f f e c t s  a r e  s l i g h t .  If we consider 

t h a t  pressure remains constant i n  t h e  process of bubble growth and t h a t  t h e  
pressure drop 6P corresponds t o  super heating of t h e  l i qu id  6 t ,  i n  t h i s  case 
t h e  growth of t h e  bubble w i l l  be  determined by t h e  i n e r t i a  of t h e  l i qu id  and /180 
described by t h e  Rayleigh equation: 

( IV .  26) 

With r e l a t i v e l y  l a rge  R (about 1 mm) t h e  dependence of R on T can be expressed 
by using equation (IV.26), as shown i n  [185], ,as follows: 

(IV.27) 
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e.". Figure 102 shows t h e  dependence of t h e  
!------------ -3 radius  of a vapor bubble on t ime . fo r  sodium 

with t Z= 8OO0C, 6 t  = 10°C according t o  

formulas (IV.14), (IV.24) and (IV.27). We can 
see t h a t  when c19 are great  (curve 1, % +- m; 

curve 2 ,  = lo6  kcal/m2-hr "C), t h e  r a t e  of 

growth of t h e  sodium bubble w i l l  be determined 
by i n e r t i a l  forces  (curve S ) ,  while f o r  low 
values of c14 (curve 4 ,  % = l o 4  kcal/m2*hr "C), 

t h e  determining f a c t o r  w i l l .  be t h e  input of 
heat  t o  the  bubble. 

i-.!Oi sec Table I V . 2  presents  a comparison of values 
of diameters of vapor bubbles of potassium 

Figure 102. Dependence o f  measured i n  [182] with values of diameters 
Radius o f  Vapor Bubb le  f o r  calculated according t o  formulas (IV.14), 
Sodium w i t h  tS  = 800°C and (IV.24) and (IV.27) f o r  temperature hea t s  and 

time sec to r s  corresponding t o  t h e  experi­6 t  = 10°C. 1 ,  According t o  mental da t a .Forster-Zuber ( 1  V .  1.4) ; 
2,  a4 = l o 6  kcal/m2*hr O C ;  We can s e e  from t h e  t a b l e  t h a t  low pres­
3 ,  a4 = lo5 kcal/m2-hr "C; su res ,  t h e  values of diameters (which i s  

equivalent t o  t h e  averaged ra te  of growth of4, a4 = l o 4  kcal/m2-hr "C; vapor bubbles) calculated according t o  
Accord ing t o  equa t ion o f  Rayleigh's formula (IV.27) a r e  c loses t  t o  t he  
t h e  authors ( I V .  24); experimental values,  while a t  higher pressures ,  
5,  Accord f ng t o  Ray 1 e igh t h e  values of diameters calculated according 
equation ( I V . 2 7 ) .  t o  formula (IV.24) with c19 = l o 4  kcal/m2*hr "C 

a r e  c l o s e s t .  However, as was noted above, t h e  
results of [182] can be looked upon only as preliminary; i n  addi t ion t o - t h e  /181 
ca l cu la t ions  such as those shown i n  graphic form on Figures 101 and 102, 
they show t h a t  formulas (IV.14), (IV.16)-(IV.19) cannot be used f o r  calcu­
l a t i o n  of t h e  growth of metal vapor bubbles, a t  l e a s t  a t  low pressures 
(below about Po). 

In conclusion, w e  should note t h a t  t h e  models of t h e  process of vapor 
bubble growth analyzed here  and i n  other  works a r e  ideal ized t o  a s i g n i f i c a n t  
extent. Actually, t h e  process is more complex. In p a r t i c u l a r ,  during t h e  
process of growth of a vapor bubble, i t s  surface undergoes o s c i l l a t i o n s  
[171]; bubbles may not have sphe r i ca l  form, as  is assumed i n  a l l  models; 
bubbles may i n t e r a c t  w i t h  -9rh nfhor a t c .  
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TABLE IV.2 

Zalculated data of diameters (with 
9t and T corresponding to experi-

Experimental data menta 1 according to formulas 
_ _ _ - _ _  - .  

I I (IV.14) IV.27) 

u E 
o E IN 
c, 0 I1a - ?  	I. 


c, 
 -
~ -_I__ 

9,0 
14.0 

41 
61 

680 
854 

480 
712 

174 
236 

100 
171 

12,5 52 300 224 88 234 
13,O 46 184 134 50 121 
12,5 42 158 116 44 285 

... .. 

Commas indicate  decimal points .  

Frequency o f  Separation and Separation IDiametecs o f  Vapor B u b b l e s  

The v i sua l  observations of t h e  authors of t h e  process of bo i l i ng  of 
water and a l k a l i  metals (sodium, potassium and cesium) by x-rays have made 
possible  a q u a l i t a t i v e  comparison of separat ion diameters of vapor bubbles 
f o r  t hese  mater ia ls .  Some experimental da t a  on t h e  separat ion diameters 
during t h e  bo i l ing  of potassium, as was noted above, were produced i n  [182]. 
Here a l s o  a r e  presented several  values of separat ion frequencies of vapor 
bubbles, defined, l i k e  t h e  separat ion diameters, using x-ray cinamatography. 

The inves t iga t ion  of separat ion frequencies f and separat ion diameters 
do of vapor bubbles during bo i l ing  of non-metallic l i qu ids  has been the  

subject  of a l a rge  number of experimental works. For example, experiments on /182 
water were performed i n  [74, 151, 183, 193-1961, and i n  organic f l u i d s  i n  
[74, 151, 171, 194, 196-1981, The frequency of separat ion and t h e  separat ion 
diameters of vapor bubbles a r e  d i s t r i b u t e d  s t a t i s t i c a l l y ,  t h e i r  d i s t r i b u t i o n  
being near normal. 

The mean frequency of separat ion of vapor bubbles f o r  water a t  atmos­
pheric  pressure is approximately 40-50 Hz. [183, 194-1961. The r e s u l t s  of 
[195], performed on water over a broad range of heat flows a t  pressures of 
1-52 atm. abs. ,  i nd ica t e  t h a t  t h e  separat ion frequency of vapor bubbles 
does not change with the  heat flow, and is  only s l i g h t l y  dependent on pres­
sure .  For example, a t  Ps = 1-20 atm. abs. ,  the  mean value of F was approxi­

mately 35 l / s ec ,  and a t  Ps = 5 2  a t m .  abs. ,  approximately 45 l/sec. A t  
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reduced pressures,  t h e  separat ion frequency of vapor, bubbles during bo i l ing  
of water and organic f l u i d s  is noticeably decreased, and depends on t h e  heat 
flow [73, 741. 

Table IV.3 presents  experimental da t a  from [73, 741 on t h e  frequencies 
of separat ion and separat ion diameters of vapor bubbles f o r  water bo i l i ng  
a t  reduced pressure.  

We can see from Table I V . 3  t h a t  under reduced pressure conditions,  as 
t h e  heat  flow increases  (where Ps = const)  t h e  separat ion frequency of 

vapor bubbles increases  s t rongly.  

TABLE 1v.3 

I 
P
S 

,atm.abs. 
1 p'pcr f ,sec-l do," I Source 

il ,2Jt1 9.0 27,O 
U,OS6 1,5 26,O 
0,172 4,O 22.5 
0,331 13,s 25,O 
O,O(i9 4,0 18,O 
0,13Y 11,o 18,5 
0,2s4 22 ,o 20.5 
0,OcIO ti,O 15,O 
( I ,  13s 15,O 19.0 
O,flG9 15.0 6,80 
0,138 20,o 10,o 

0.!50 2,4 35.7 
0,296 10,7 23,2 
0,070 12,6 11,3 
0,098 25 797 

Comas indicate  decimal points .  

The period between formation of two bubbles cons i s t s  of two p a r t s :  t h e  
time required f o r  bubble growth on the  surface 'cl and t h e  time required f o r  /183 

heating of t he  l i qu id  next t o  t h e  surface -c2, a f t e r  t h e  l i qu id  replaces  t h e  
separated bubble. The increase i n  frequency noted with increasing heat 
flow r e s u l t s  pr imari ly  from a reduction i n  T ~ ,t h e  bubble growth time 'c1 

being almost independent of q [73, 741. 

The growth period of a vapor bubble, as was noted above, corresponds t o  
a sharp drop i n  temperature of t h e  heating surface i n  t h e  area of t h e  vapor 
formation center ,  while t h e  time of heating of t h e  l i qu id  corresponds t o  a 
r e l a t i v e l y  smooth increase i n  temperature (see Figure 96).  The l o c a l  
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temperature of t h e  heat ing surface,  p a r t i c u l a r l y  with high dens i t i e s  of 
ac t ive  centers  of vapor formation, w i l l  depend on t h e  process of vapor 
bubble formation at  neighboring vapor formation centers ,  which i s  individual 
f o r  each center ,  t h a t  is w i l l  depend on d i f fe rences  i n  t h e  phases of fo r ­
mation of t h e  bubbles. This i s  r e f l ec t ed  pa r t i cu la r ly  i n  loca l  values of 
temperature. However, experiments on non-metallic l i qu ids  [89-91, 1521 
have shown t h a t  t h e  mean frequency of pulsat ions of temperatures measured 
a t  the  heating surface on t h e  s i d e  of t h e  wall and on the  s i d e  of t h e  l iqu id  
are approximately t h e  same as t h e  mean frequency of separat ion of vapor 
bubbles. Therefore, on t h e  bas i s  of measurements of pu lsa t ion  frequencies 
of t he  heating surface w e  can, with some approximation, judge t h e  frequency 
of separat ion of vapor bubbles. 

The frequency of temperature pulsat ions during bo i l ing  of a l k a l i  metals 
was measured (using a movable thermocouple) i n  our experiments (with heat  
flows from approximately lo5  kcal/m2*hr t o  near t h e  c r i t i c a l  and pressures 
of up t o  approximately 1 a t m .  abs .), and usua l ly  did not exceed a few Hz . 
According t o  t h e  r e s u l t s  of t h e  experiments of Noyes and Lurie 1331, t h e  
resonant frequency of pulsat ions during bo i l ing  of sodium was about ‘1.7 Hz. 
(Ps = 0.1 atm. abs.) .  

TABLE t V . 4  

0,171 1,01-10-3 0,57 A.0 43 
0,175 1,035.10-~ .0,57 6 .5  29 
0,562 3,32-10-’ 0,55  2,o  32 
0,245 1,467. IO-’ 0,43 290 33 
0,755 4,46*10-’ 0,55 7.0 22 

Commas indicate  decimal points .  

Table IV.4 presents  experimental da ta  from [182] on frequencies of 
separat ion of vapor bubbles during boi l ing  of potassium. 

A comparison of t he  da t a  i n  Tables IV.3 and IV.4 ind ica tes  t h a t  with 
comparable pressures and heat flows (experiments on potassium performed a t  /184
higher q than experiments on water) t he  frequency of separat ion of vapor 
bubbles f o r  potassium is much l e s s  than f o r  water. 

Estimates of t h e  time required f o r  heating the  l iqu id  on t h e  heating 
surface f o r  sodium i n  water (with q = const) ,  performed above, ind ica te  t h a t  
‘t2 f o r  sodium should be considerably grea te r  than f o r  water. The same 

re la t ionship  is qua l i t a t ive ly  t r u e  f o r  T 3 fo r  water and other  metals. 
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Thus, t h e  avai lable  experimental da t a  on temperature pulsat ions near 
t h e  heating surface during boi l ing  of a l k a l i  metals,  preliminary data  on 
separation frequencies of vapor bubbles during boi l ing  of potassium, as well 
as estimates of t he  heating t i m e  of t h e  l iqu id  a t  t h e  heating surface ind i ­
ca t e  t h a t  the  frequency of separat ion of vapor bubbles during boi l ing  of 
metals, pa r t i cu la r ly  a l k a l i  metals , i s  e s sen t i a l ly  l e s s  than during boi l ing  
of  water under comparable conditions ( ident ica l  q and P/Pcr). 

Experiments with non-metallic l iqu ids  have indicated t h a t  a t  low heat  
flows, individual i so la ted  bubbles separa te  from the  heating surface.  

As t he  heat flow increases,  t h e  number of ac t ive  centers  of vapor formation 
increases .  With increasing heat  flow (at  atmospheric and higher pressures 
with q > 0.1 qcr) vapor bubbles formed a t  neighboring vapor formation 

centers  merge, so  t h a t  t h e  separat ing diameter i s  increased [74, 193, 195, 
1991. As t h e  pressure increases ,  t he  separat ion diameter of vapor bubbles 
decreases [73, 74, 183, 193-1961. 

Visual observations of t he  authors using x-rays of t he  process of 
bo i l ing  of a l k a l i  metals (sodium, potassium and cesium) and water ind ica te  
t h a t  f o r  a l k a l i  metals t h e  separat ion diameters of vapor bubbles a re  greater  
than f o r  water. The same conclusion follows from comparison of the  dimen­
sions of separating vapor bubbles f o r  potassium and water presented i n  
Tables IV.2-IV.4.  The well  known formula of F r i t z  f o r  the  most probable 
value of separat ing diameter of a bubble 

(IV.28) 

descr ibes  the  experimental da ta  well only a t  low heat flows and atmospheric 
pressures .  A t  high pressures  [193] and a t  pressures  below atmospheric 
[73, 741, and a l so  a t  atmospheric pressure but with high heat flows [199], 
formula (IV.28) gives values of xo d i f f e r ing  e s sen t i a l ly  from the  experi­

mental values.  

Cole [199], i n  cont ras t  t o  F r i t z ,  considered t h e  drag on the bubble i n  
addi t ion t o  the  l i f t i n g  force  and force  of surface tension; the  drag should 
be s ign i f i can t  f o r  bubbles of large diameters. He suggested the  following /185 
formula f o r  ca lcu la t ion  of t he  separat ion diameter of a bubble: 

(IV.29) 

where W" i s  t h e  r a t e  of bubble growth a t  t he  moment of separation. The 
-numerical values of t he  coef f ic ien t  (0.4) and exponent [- 0.22) he found on 
t h e  bas i s  of processing of h i s  own experimental da ta  on separat ion diameters 
of  vapor bubbles a t  high heat  flows and: the da ta  of Jacob f o r  low q. 
Mamontova [74] processed her  experimental da ta  on separat ion diameters of 
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vapor bubbles f o r  water, e thy l  alcohol and benzene bo i l ing  a t  pressures 
below atmospheric i n  t h e  coordinates 

(IV.30) 

t h a t  i s  e s s e n t i a l l y  i n  t h e  same coordinates used by Cole [199], but without /186-
considering t h e  contact  wetting angle.  The r e s u l t s  are shown on Figure 103. 
We can see  t h a t  t he  poin ts  a r e  well located with respect  t o  the  averaging 
l i n e .  Figure 103 shows poin ts  f o r  potassium from 11821, which a r e  higher 

than the  da t a  f o r  non­
meta l l ic  l iqu ids .  

According t o  t h e  e s t i ­
mates made i n  [200] on t h e  
assumption t h a t  only t h e  
l i f t i n g  force  and the  drag 
act on a bubble, t h e  
separat ion diameter f o r  a 
sodium bubble should be 
several  centimeters with 
Ps = 0.15 atm. abs.  and 

A t  = 4'C. 

Recently, i n t e re s t ing  
da ta  were produced on the  
separat ion of vapor bubb 1es , 
which a r e  reported i n  d e t a i l  
i n  12011. The experiments 

20 were performed a t  atmospheric 
fI5 pressure on water boi l ing  

over wires 0.2 mm i n  d i m e -
Figure 103. Experimental Data on t e r .  The separation ofSeparation Diameters o f  Vapor Bubbles vapor bubbles from t h e  surface
a t  Low 

*p 
Pressures. 0 ,  water; e ,  e t h y l  of hor izonta l ly  and v e r t i ­alcohol : o benzene 1741; ?if, 

[1821: d r 
potassium 

1 0 . 2 2  c a l l y  placed hea ters  occurs 
i n  a l l  d i rec t ions  (including 

= 0.4 I g20 , ! i n  t h e  d i r ec t ion  opposite t o  
Y-Y" 

J 
t he  inf luence of t h e  l i f t i n g  

- fo rce ) ,  s t r i c t l y  perpendi-I 
cu la r  t o  the  surface.  The 
d i s t r i b u t i o n  of ac t ive  centers  
of vapor formation i n  the  

d i r ec t ion  of i n i t i a l  movement of t he  bubbles a re  random i n  nature .  The 
bubbles separa te  a t  an i n i t i a l  r a t e  of 0.5-0.6 m/sec (which cannot be re la ted  
t o  the  e f fec t  of l i f t i n g  force  alone) and move i n  a s t r a i g h t  l i n e  f o r  3-4 mm 
from t h e  heat ing surface.  Over t h i s  dis tance,  t h e i r  movement i s  slow: i f  
they are moving downward, it slows t o  zero; i f  they a r e  moving upward, it 



slows t o  a r a t e  corresponding t o  the  equilibrium movement under the  in­
fluence of t h e  l i f t i n g  force  and t h e  force  of res i s tance .  

Calculation of t he  energy required f o r  movement of vapor bubbles over 
t he  dis tances  and speeds produced i n  t h e  experiments ind ica tes  t h a t  t h i s  
energy is approximately l o 6  times l e s s  than t h e  t o t a l  energy of t h e  vapor 
bubble a f t e r  it has reached the  separat ion diameter. In other  words, from 
the  energet ic  point of view the  movement of t he  bubbles observed i n  the  
experiments i s  qu i t e  possible .  

In [201] , several  hypotheses a r e  s t a t e d  concerning the  nature  of t h e  
forces  causing the  bubbles t o  move i n  t h i s  manner a f t e r  separat ion from t h e  
wal l .  

1. The vapor bubbles move t h e  surrounding l iqu id  during the  process 
of growth. The l i qu id ,  s e t  i n  motion, draws t h e  bubble along with it when 
the  bubble reaches a ce r t a in  diameter. 

2 .  The jump of t h e  vapor bubble away from the  wall is r e l a t ed  t o  the  
e f f e c t s  of the  forces  of surface tension.  

3 .  A s  the  vapor bubble grows, a r eac t ive  force  a r i s e s ,  which r epe l s  it 
from the  wal l .  

A t  t h e  present ,  it is  d i f f i c u l t  t o  give preference t o  any one of these  
hypotheses. 

Possibly,  f o r  large vapor bubbles, which separa te  from the heating 
surface during boi l ing  of non-metallic l iqu ids  a t  reduced pressures and 
during boi l ing  of metals,  t h e  t r a j ec to ry  of t he  bubbles, l i k e  those described 
i n  [201] ,  w i l l  be l e s s  remarkable, s ince  drag forces  have a s ign i f i can t  /187-
influence on the  bubble i n  t h i s  case.  In order t o  c l a r i f y  t h i s  question and 
check t h e  hypotheses s t a t ed  i n  12011 and other  hypotheses on t h e  nature  of 
t he  forces  determining t h e  conditions of separat ion of vapor bubbles i n  
various cases,  fu r the r  experimental and theo re t i ca l  invest igat ions a r e  
required.  We can assume t h a t  t he  f ac to r s  determining the  separat ion of vapor 
bubbles during boi l ing  of metals and non-metallic l iqu ids  a r e  the  same. 

General Characterization o f  Process of .-~ - .  . . .  ~-Heat-Exchange During Nucleate Boiling 
~UKdeF �ond it tons. .o f  Free. .ConvZct7o-n __ ~ . .  

During nucleate boi l ing ,  heat from the .hea t ing  surface i s  car r ied  
with the  vapor bubbles (9,) and with t h e  l iqu id  (q2).  During the  process 

of growth of a vapor bubble on t h e  wall, t he  heat  en ters  t he  bubble from 
the  surrounding l iqu id  and d i r e c t l y  from the  heating surface.  However, as 
inves t iga t ions  performed i n  [1521 on water a t  atmospheric pressure have 
shown, t h e  share  of t h e  surface contacting t h e  vapor d i r e c t l y . i s  s l i g h t .  The 
quant i ty  of heat  supplied d i r e c t l y  from t h e  heat ing wall t o  t he  vapor (by 
convection, and a t  high temperatures by rad ia t ion)  i s  a l so  s l i g h t l y  due t o  the  
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small area of contact of t he  sur face  with the  vapor and t h e  low in t ens i ty  
of  heat  t r a n s f e r  by t h e  vapor. The r e s u l t s  of works on water [go, 91, 1521 
show t h a t  t h e  a rea  of in tens ive  hea t  input t o  t h e  vapor bubble i s  concen­
t , ra ted  i n  t h e  zone of t h e  microlayer of l iqu id  separat ing the  bubble from 
t h e  wall. A ce r t a in  share  of heat  should be supplied t o  the  vapor bubble 
from the  remaining phase separat ion boundary surface as wel l ,  s ince  the  
bubble is surrounded by a superheated l iqu id  layer  [192]. The problem'of 
t h e  re la t ionship  of t h e  quan t i t i e s  of heat  supplied t o  various sec tors  of 
t h e  vapor bubble can be solved on t h e  bas i s  of measurements of temperature 
f i e l d s  i n  t h e  boundary layer  of t he  l iqu id  with the  vapor bubble and i n  t h e  
bubble i t s e l f .  It can be assumed t h a t  i n  metals, due t o  the  high temperature 
conductivity,  t h e  share  of heat  supplied t o  t h e  bubble outs ide the  micro-
layer  w i l l  be higher (with comparable conditions) than i n  non-metallic 
l i qu ids .  

With increasing pressure and heat flow, t h e  quant i ty  of heat q
V

/q t r ans ­
f e r r ed  by the  vapor increases  (see Figure 95).  The r e l a t i v e  share  of heat 
q

V
/q t ransfer red  with t h e  vapor increases  a t  first more rap id ly  with in­

creasing heat f low'than at  heat  flows near c r i t i c a l .  With iden t i ca l  re ­
duced pressures and heat  flows fo r  metals q,/q should be l e s s  t h a n ' f o r  non­

me ta l l i c  l iqu ids ,  due t o  t h e  high heat conductivity of metals and, possibly,  
due t o  the  smaller number of ac t ive  centers  of vapor formation during 
bo i l ing  of the  metals. This should be analyzed i n  each concrete case of /188 
comparison of heat exchange during bo i l ing  considering such quan t i t i e s  as 
t h e  separat ion volumes, separat ion frequency of vapor bubbles and product 
ry" .  

Heat t r a n s f e r  by t h e  l i qu id  r e s u l t s  from molecular heat conductivity,  
turbulent  vo r t i ce s  a r i s ing  as a r e s u l t  of t he  dynamic inf luence of bubbles 
on t h e  l iqu id ,  mixing of t h e  l iqu id  i n  the  boundary layer  due t o  the  
difference i n  dens i t i e s ,  and a l so  t o  a s ign i f i can t  extent due t o  mixing of 
super hea ted , l i qu id  layers  surrounding t h e  moving vapor bubbles. 

The measurement of temperature f i e l d s  using microthermocouples per­
formed at  the  Physics and Energy I n s t i t u t e  by A. A.  Tsyganok 1921 and at
the  Atomic Center i n  Grenoble under t h e  leadership of Semeria Ihave indicated 
t h a t  a bubble growing on t h e  heat ing surface i s  surrounded by a layer  of 
r a the r  highly superheated l iqu id .  For example, A. A.  Tsyganok measured the  
temperature f i e l d  i n  a vapor bubble and its boundary layer  using a copper­
constantan thermocouple drawn between two spr ing p l a t e s .  The diameter of 
t h e  thermal e lectrodes of t he  thermocouple was 50 u .  The superheating of 
t h e  l i qu id  surrounding t h e  vapor bubble measured i n  these  experiments reached 
1 2 O C  with Ps about 0.1 atm. abs. and q = 150*103 kcal/m2*hr. 

-. -. . .  . . . 

1 Personal communication. 
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The heat t r a n s f e r  coef f ic ien t  with nucleate boi l ing 

(IV. 31) 

According t o  t h e  data  of [ l o l l ,  L = 1/3 (experiments with water and 
organic l iquids  a t  atmospheric pressure and heat .flows up t o  200-103 
kcal/m**hr), while the  da ta  of [176] ind ica te  L = 0.43 (experiments with 
aqueous solut ion o f  nickel salts  with q up t o  1 . 4 ~ 1 0 ~kcal/m2*hr). I t  can be 
assumed t h a t  f o r  metals the  coef f ic ien t  of proport ional i ty  45 i n  function 

(IV.31) w i l l  be e s s e n t i a l l y  higher ' than f o r  ordinary l iquids .  With increas­
ing pressure,  t h e  number of ac t ive  centers  of vapor formation increases.  
Judging from the dependence of p *  on pressure,  constructed on Figures 99, 
100, the  strongest increase i n  the number of ac t ive  centers of vapor form­
at ion with increasing pressure w i l l  occur at  low pressures,  s ince a t  these  
pressures dp*/dP is  considerably grea te r .  For example, f o r  a l k a l i  metals 
dp*/dP reaches i t s  highest  values a t  pressures of approximately Pcr 
and less. This may explain t h e  d i f fe ren t  inc l ina t ion  of the  averaging l i n e  
drawn through t h e  experimental data  on heat t r a n s f e r  with developed boi l ing  
of sodium and cesium (Figure 53, 54). 

With bubble boi l ing ,  as has been established i n  experiments on ordinary 
l iqu ids ,  a f t e r  separation of a vapor bubble and following a r e l a t i v e l y  short  /189 
period of time (from ten ths  t o  thousandths of a second) a new vapor bubble 
a r i s e s  a t  t h e  same vapor formation center ,  as a r u l e .  I t  is  probable t h a t  
during the  developed boi l ing of metals t h e  boi l ing process is similar i n  
t h i s  respect .  

During t h e  process of growth cf  vapor bubbles on the  heating surface,  
o s c i l l a t i o n s  of t h e  bubble surfaces  occur a t  frequencies reaching the  order 
of 1,000 Hz [171]. The boi l ing of a l iquid is  accompanied by a high frequency 
noise which is probably r e l a t e d  t o  o s c i l l a t i o n s  and in te rac t ions  of yapor 
bubbles during t h e  process of t h e i r  growth [171, 2021. The noise spectrum 
and level  of acoust ical  pressure depend on t h e  type of  l iqu id ,  sa tura t ion  
pressure and heat flow. In p a r t i c u l a r ,  as t h e  crisis is  approached, t h e  
spectrogram of t h e  noise sharply changes i n  nature [203]. Recordings of 
noise during boi l ing of sodium were performed by Marto and Rohsenow [19]. 

The nature  of t h e  process of heat exchange during unstable boi l ing  
d i f f e r s  from t h e  process of heat exchange during developed boi l ing .  Analysis 
of recordings of temperature pulsat ions of the  heating wall and v isua l  
observations by x-rays of t h e  process of unstable boi l ing  of a l k a l i  metals 
performed by t h e  authors have indicated t h a t  over t h e  e n t i r e  surface or i ts  
individual p a r t s ,  temporary cessation of bo i l ing  occurs with subsequent 
r e s t a r t i n g  of bo i l ing .  After boi l ing  i s  s t a r t e d ,  l a rge  vapor bubbles t r a v e l  
through t h e  volume. The l iqu id  i n  t h e  volume i s  more superheated during 
unstable boi l ing than during developed boi l ing .  In [73, 741, on the  bas i s  
of v i sua l  observations and photographic invest igat ions of the boi l ing 
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process of water and organic l i qu ids  a t  reduced pressures ,  it is noted t h a t  
t h e  unstable  boi l ing  regime is characterized by a replacement of vapor 
formation centers  and i r r e g u l a r i t y  of t h e i r  act ion.  When bo i l ing  starts, 
severa l  bubbles are formed simultaneously, then a long period follows when 
vapor formation over this  por t ion  of t h e  surface does not occur. 

The g rea t  pulsat ions i n  temperature at  r e l a t i v e l y  low frequency (frac­
t i o n s  of a Hz) ,  cha rac t e r i s t i c  f o r  unstable  boi l ing ,  are r e l a t ed  t o  t h e  
cessat ion and r e s t a r t i n g  of bo i l i ng  over individual  s ec to r s  of t h e  surface.  
Actually, t he re  is  a ce r t a in  probabi l i ty  t h a t  t h e  formation of a vapor 
bubble at one of t h e  vapor formation centers  or even simultaneously at 
several  neighboring vapor format ion centers  requi res  higher superheating
of the  l iqu id  A t s  than during developed boi l ing .  The g rea t e r  the  number of 
neighboring vapor formation centers  which cease t o  operate  with f ixed A t  

S 
and the  higher t h e  superheat ing required f o r  r e s to ra t ion  of t h e i r  operation, 
t h e  grea te r  t he  Superheating X t h e  heating surface i n  t h i s  area and t h e  
g rea t e r  t he  pulsat ions of t he  temperature. Unstable bo i l ing  r e s u l t s  from 
insu f f i c i en t  numbers and i n s t a b i l i t y  of  vapor formation centers .  

For a lka l i  metals, i n s t a b i l i t y  of t h e  operation of vapor formation 
centers  is r e l a t ed  t o  t h e  following f ac to r s :  

1) t h e  r e l a t i v e l y  la rge  dimensions of vapor formation centers  ( large 
A t  a r e  required,  t h e  l a rge r  depressions a r e  more e a s i l y  f i l l e d  with l i qu id ) ;

S 

2)good we t t ab i l i t yo f  a number of s t ruc tu ra l  metals with a l k a l i  metals 
(requiring higher A t s ,  depressions more e a s i l y  f i l l e d  with l i qu id ) ;  3) t h e  

high temperature conductivity (increasing the  heating time of t he  l i qu id  
near t h e  wall a f t e r  separat ion of a bubble and thereby increasing the  
probabi l i ty  of f i l l i n g  of t h e  depression with l i qu id ) .  

The r e l a t i v e l y  low values of boundary heat t r a n s f e r  coe f f i c i en t s  a,, on 
t h e  f r e e  sur face  a l so  fac i l i t a te  t h e  exis tence of unstable  boi l ing ,  par t icu­
l a r l y  at  low hea t  flows, When bo i l ing  starts, A t s  is decreased due t o  a 

decrease i n  A t c ,  and 6 t  (see Figure 39). The d i f fe rence  i n  t h e  values of A t s  

during heat  removal without bo i l i ng  and under conditions of bo i l ing  (with 
q = const)  depend e s sen t i a l ly  on A t  which, i n  tu rn ,  is determined by t h e  
design of t h e  i n s t a l l a t i o n  and a,.,. The g rea t e r  t h e  r a t i o  6t/Ats, t h e  higher 
t h e  probabi l i ty  t h a t  bo i l ing  w i l l  s top .  

The pressure pulse  accompanying t h e  s t a r t  of bo i l ing  may have some 
influence on t h e  suppression of operation of vapor formation centers  and, 
consequently, stopping of bo i l ing .  However, t he  time of ac t ion  of the  
pressure pulse ,  measured i n  t h e  experiments of t h e  authors,  as a l k a l i  metals 
s t a r t e d  boi l ing  was considerably less than the  time of bo i l ing ,  which can be 
determined from recordings of  t h e  temperature d i f fe rence  between wall and 
l iqu id  and observations by x-rays. 
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With unstable  boi l ing ,  t h e  quant i ty  of  heat l ibera ted  from the  heating 
surface with the  vapor qv is less than with developed boi l ing .  This i s  

pa r t i cu la r ly  indicated by t h e  higher super heating of t h e  l iqu id  i n  i t s  
volume b t  with unstable  boi l ing  i n  comparison t o  6 t  with developed boi l ing .  

Analysis of t h e  in t eg ra l  cha rac t e r i s t i c s  of t h e  process of heat ex­
change (heat removal regimes, values of heat t r a n s f e r  coef f ic ien ts  and 
c r i t i ca l  heat flows and t h e i r  dependence on various factors)  as well as t h e  
loca l  cha rac t e r i s t i c s  (d i s t r ibu t ion  .of temperature f i e l d s ,  dimensions and 
s t a b i l i t y  of operation of vapor formation centers ,  ra te  of growth, frequency 
of separat ion and separat ion volumes of vapor bubbles, e t c . )  during boi l ing
of metals and non-metallic l iqu ids  shows t h a t  i n  addi t ion t o  t h e i r  common 
fea tures ,  t he re  are differences i n  heat  exchange during boi l ing  of these  
c lasses  of l iqu ids .  Although t h e  fundamental r u l e s  which determine heat  
exchange during bo i l ing  are common f o r  a l l  l iqu ids ,  individual l oca l  processes 
(due t o  d i f fe rences  i n  physical  and. chemical proper t ies )  during bo i l ing  
of metals and non-metallic l iqu ids  may d i f f e r  s ign i f i can t ly  both quant i ta­
t i v e l y  and qua l i t a t ive ly  (for example, we t t ab i l i t y  of the  surface by the  heat  
t r a n s f e r  medium), leading t o  differences i n  t h e  in t eg ra l  cha rac t e r i s t i c s  
as wel l .  

Thus, as a d i f fe rence  i n  in t eg ra l  cha rac t e r i s t i c s  of hea t  exchange /191 
during vapor formation under conditions of f r e e  convection f o r  metals and 
non-metallic l i qu ids  (on surfaces  of most construct ion materials with 
ordinary f i n i s h )  w e  can note  ( for  a l k a l i  metals) :  

1)  t h e  p o s s i b i l i t y  of hea t  removal of large heat flows by convection 
with subsequent l i be ra t ion  of hea t  by evaporation from t h e  f r e e  surface (due 
t o  t h e  high A t  

S 
and cc with f r e e  convection); 

2) unstable  boi l ing ,  which f o r  non-metallic l iqu ids  is achieved only 
a t  very low pressures  ( tenths  or hundredths of an atmosphere) and r e l a t i v e l y  
low heat  flows (not over several  hundred thousand kcal/m2*hr),  while fo r  
a l k a l i  metals unstable  bo i l ing  (due t o  t h e  small number and' i n s t a b i l i t y  of 
vapor formation centers )  is c h a r a c t e r i s t i c  over a broad range of pressures  
(experiments performed i n  t h e  range of P from hundredths of an atmosphere

S 
t o  several  atmospheres) and heat flows (q from t ens  of thousands of kcal/  
m2*hr t o  q near c r i t i ca l ) ;  

3) dependence of c r i t i ca l  heat flows on pressure i n  the  invest igated 
range 	of pressures  (about 5*10-5-2=10-2 P/P ) is  general ly  considerablyc r  
weaker than f o r  non-metallic l iqu ids .  I t  can be assumed t h a t  one reason f o r  
t h i s  is t h e  lower values of qv/q f o r  metals than f o r  non-metallic l iqu ids .  

For mercury, f i l m  bo i l i ng  is c h a r a c t e r i s t i c  (due t o  t h e  i n a b i l i t y  of 
mercury t o  wet t h e  surface) at  low temperature heass,  whereas with t h e  same 
At f o r  non-metallic l iqu ids ,  nucleate  boi l ing  usua l ly  occurs. a 
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Possible d i f fe rences  i n  loca l  cha rac t e r i s t i c s  of the  process of 
bo i l ing  f o r  metals and non-metallic l i qu ids  were analyzed i n  t h i s  Chapter. 

The study of the  physics of bo i l ing  a t  c r i t i c a l  and near c r i t i c a l  heat 
flows i.s of g rea t e s t  i n t e r e s t .  

However, t he  inves t iga t ion  of loca l  cha rac t e r i s t i c s  of the boi l ing  
process has been performed pr imari ly  a t  low and moderate heat flows. The 
correctness  of extending the  data  produced under these conditions t o  the 
process of heat exchange a t  heat flows near c r i t i c a l  requi res  fu r the r  
study. 

Conclusions 


1. For comparable conditions with developed boi l ing of a l k a l i  metals: 
a)  the  thickness of the thermal boundary layer  i s  s ign i f i can t ly  grea te r ;  
b) t he  frequency of separation of vapor bubbles i s  l e s s ;  c)  t he  separation 
diameters of vapor bubbles a r e  g rea t e r ,  than f o r  nucleate boi l ing  of non­
meta l l ic  l iqu ids .  

With developed boi l ing of metals,  as with nuc lea te ,boi l ing  of non-metallic 
l i qu ids ,  temperature pulsat ions occur i n  the heating surface and i n  the  
l iqu id  near the heating surface,  the  magnitude of which is comparable t o  the  
mean temperature head Ata, and the  frequency of which i s  on the same order 
a s  the frequency of bubble separat ion.  

-2. The s igni f icant  superheating of t he  heating surface observed i n  
experiments with a l k a l i  metals,  requiEed f o r  bo i l ing  t o  s ta r t ,  unstable 
boi l ing  and t r a n s i t i o n  from one mode of heat removal t o  another with un­
changed values of pressure and heat flow can be explained on the  bas i s  of 
t he  conditions of seeding of vapor bubbles and t h e  s t a b i l i t y  of operation of 
vapor formation centers ,  which a r e  common as concerns thermodynamics f o r  non­
meta l l ic  l iqu ids  and f o r  metals.  The pr inc ipa l  fac tors  determining the  
p o s s i b i l i t y  of high superheating of l iqu ids  ,over t he  heating 'surface can 
be considered the  r e l a t i v e l y  la rge  dimensions of vapor nuciei  with iden t i ca l  
superheating and the  good we t t ab i l i t y  of the heating surface by the  l iquid.  
The i n s t a b i l i t y  of bo i l ing  i s  influenced by these fac tors  and a l so  by the 
high temperature conductivity of a lka l i  metals. 

3 .  Usually, t he  growth of vapor bubbles f o r  non-metallic l iqu ids  is 
described by formulas i n  which the  r a t e  of bubble growth i s  determined by 
the  input of heat through the boundary layer .  For metals, a t  l e a s t  a t  low 
pressures (up t o  several  atmospheres), these formulas a re  not su i t ab le .  

4. The difference i n  loca l  cha rac t e r i s t i c s  of t he  heat exchange process 
(d i s t r ibu t ion  of temperature f i e l d s  and vapor formation centers ,  dimensions 
and s t a b i l i t y  of operation of vapor formation centers ,  r a t e  of growth, 
separat ion frequency and separat ion volumes of vapor bubbles, e t c . )  f o r  
metals and non-metallic l iqu ids  due t o  differences i n  t h e i r  physical  and 
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chemical p r o p e r t i e s  leads t o  d i f fe rences  i n  t h e  i n t e g r a l  c h a r a c t e r i s t i c s  
(establishment of h e a t  removal mode, values of h e a t  t r a n s f e r  c o e f f i c i e n t s  
and c r i t i ca l  heat  flows and'  t h e i r  dependence on various f a c t o r s )  , although 
t h e .  fundamental r u l e s  determining h e a t  exchange during b o i l i n g  a r e  common 
f o r  a l l  l i q u i d s .  

Heat exchange during t h e  b o i l i n g  of water  and organic  l i q u i d s ,  as we 
know, has been s t u d i e d  f o r  a long t i m e .  However, it is b a s i c a l l y  only i n  
recent  years  t h a t  works on t h e  physics of b o i l i n g  have been performed. These 
works have allowed a deeper understanding of t h e  process ,  and have upset  a 
number of e a r l i e r  accepted hypotheses. However, today 's  knowledge is  s t i l l  
q u i t e  i n s u f f i c i e n t  f o r  any s o r t  of complete d e s c r i p t i o n  of t h e  process o f  
h e a t  exchange during b o i l i n g .  The authors hope t o  continue t h e i r  study of 
t h e  physical  r e g u l a r i t i e s  of b o i l i n g  i n  t h e  f u t u r e .  
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TABLE 1 .  PROPERTIES OF METALS 

Sodium (Tcr = 2530'K; Pcr = 357 atm.abs.; pcr = 0.027 g/cm3 [951) 

-

Y, kg/m3 . . . 
Y" , kg/m3 , . . 
A, kcal/m*hr O C  . , . 
r ,  kcal/kg . . . 
cP kcal lkg O C  . . . 
cr. l o 3 ,  kg/m * . . 
v.108, m2/sec . . . 
p*105 ,  .k sec/mZ . . . 
a 4 0 5 ,  m%sec . . . 
Pr. 103 . . . 
P s ,  kg/cm2 . . . 

I 


--I 856 832 
2,1.:0-4 2,02.10--' 
59,i 54.9 
IN26 998 
0,306 0.302 . 
17,75 iG,n 
33,0 48.9 
2,88 2,45 
6,27 G ,n7 
5,47 4,76 

5.8-10-4 5,95.10-* 


tS,  O C  

-
7 0  

808 784 
I,	13- 10-8 4,45.IO" 
52,i 50,s 
969 941 
0,300 0,300 
15,9 14,9 
25,7 23.2 
2,12 1,85 
5,97 5,99 
4,30 3,87 

3,5n.IO-' 1,47- i0-1 

8 0  1 WO Source 

. 76G 737 
1,33* 10-1 3,27-10' 
50,1* 49,8* 
916 893 
0,303 n,308 
14,n 13,l 
21,4* 20,3* ' 

1 , f i G  1,53 
6,04 6,09 
3,54 

*Produced by extrapolat ion.  * V a l u e s  of Pr, a ,  p calculated from 
data of y, A ,  Cp, v ,  presented in  the  tab le .  

Comas indicate  decimal points. 



TABLE 2 

Potassium (Tcr = 2125'K; Pcr = 169 atm. abs; pcr = 0.202 g/cm3 [%I) 

Parameter 

Y, kg/m3 . . . . . . . . 
Y", kg/m3 . . . .  
A, kcaI/m-hr '6 : . . 
r ,  kcal/kg . . . . .  
C

P '  
kcal/kg 'C_ . . . . .  

(r*103,kg/m. . . . . . . 
v.108, m2/sec. . . . . . 
v*105,  kg2-sec/m2. . . . 

5~ 0 m /sec. . .~. . . 
P r o l o  . ~ . . . . . . . . 
Ps, kdcm2. . . , . * . . 

* Produced by' extrapolat ion.  

tS ,  O C  

50 uoo i lxl 
~~ 

724 700 676 652 629 
2,:39. tu-? 9,b10-2 2,9.10-' 6.9.10-1 114 
30,O 26,6 24,3 22,5 21,5. 
497 486 474 462 450 
0,182 0,183 0,185 0,169 0,194 
8,98 6,35 7,65 6,76 633 
25.7 22,i 20,5 19,9* 19,5* 
I ,89 1,58 i ,42 1,33 1,22 . 
6,33 5,77 5,37 5,07 4,89 
4,06 3,83 3.81 3,93 3,99 

3,9:3.103 1,7310' 5,58- io-' 1144 3,14 

**Values o f  Pr, a, 1.1, produced by calculat ion from data of y,C 
P ', A, v ,  presented i n  the table .  

Commas indicate decimal points. 



TABLE 3 

RuGidium CT = 1980'K; Pcr = 130 atm.abs; pcr = 0.352 g/cm3 [95])
c r  

. .  
c O r  

Ls'

Paramet e r 

400 500 600 7Gfl 800 Source 

Y, kg/m3 . . .  1301 1255 1210 1165 1120 [2053
**Y, kg/m3 . . .  0,029 0,145 0,40 1.29 2,79 

A, kcal/m.hr O C  . :' : 25,4 24,i 22,3 20,6 18.7 * [214] 

I:,kca.1/kg ~ . . .  209 * 20;1,8* ,iJ8,7 193,6 188,4 [SI21 
a *  I O3 kg/m 
C 

P '  
'kcal /kg " C  

V - 108, m2/sec 
1 . 1 . 1 0 ~ ~kg.sec/m2 
a. 105, m2/sec 

P r .  1 0 3  


Ps , kg/cm2 


. . .  7,05 6,45 5$5 5,16 4,47 [ iOG] 

. . . 0,084 0,0839 0,0844 0,086 0,O W  [209j
*** 

* . 1G ,5 14,8 13,6 12,6 12,'I 
2,18 1,89 1,67 1,s 1,38 [2051

* * * ***- B,46 6,36 6.07 5.71 5.25 
. . .  2,55 2,33 2,24 2.21 293 +*+ 

. . .  0,019 0,107 0,4 1,I5 2,7 PI31 

* Produced by e x t r a p o l a t i o n  
;k*Values o f  y" c a l c u l a t e d  by formula PV = RT cons ider ing  d i m e r i z a t i o n  [951. 

***Values o f  P r ,  a, v ,  produced by c a l c u l a t i o n  from data  o f  y, A ,  C p ,  p ,  presented i n  t h e  tab le .  

Commas i n d i c a t e  decimal p o i n t s  



--- 

TABLE 4 


Cesium (Tcr = 1900°K; Pcr = 103 atm.abs; pcr = 0.456 g/cm3 1953) 

-
IS,O C  

Paramet er 
400 1 

5M) I 600 1 704 1 800 1 Source 
~ 

I 
q, kg/m33. . . , . . . . . 1625 ', 1567 1 1510 
.Y", kg/m . . . . . . . . 1, 6,5*10-? , 2,92Lio-' 9,27.10-' 

Ix, kcal /m*hr- O C. . . , . .  1 6 2  ' 15,s ~ 
14,6 

r, kcal /kg . . . . . I  128 
I 1% 121 

Cp, kcal/kg .O C. . . . . . 0,0.55 

u*103, kg/m . . . . , . . 4,62 
** lv- 1'08, m2/sec . . . . . . 1 4 4  11,s 1 0 3  

11.105, kg*sec/m?. . . . 272 177 1S w51
** (r.1051 m2/sec : . . . . . 4,88 4,71 4,46 
** P ~ = I O  - . . . . . . . . , . 2,95 2 4 4  2.30 

Ps, kg/cm2. . . . . , . . 5,OI- 10-I 1,37 3,2 W I  
I I I I 

,
I 

. 
I 

* Jalues o f  y" ca l cu la ted  by formula PV = RT consider ing d imer i za t i on  1951. 

*&Values o f  P r ,  a, v ,  produced by c a l c u l a t i o n  from data of y, A ,  C 

P 
, p ,  presented i n  the tab le .  


Comas ind i ca te  decimal p o i n t s  



W 

TABLE 5 

Mercury (Tcr = 1460'K; Pcr = 1640 atm.abs [110]) 

Patamete r  
0.6 i .o 2.0 4.0 10.0 

7 ,  kdm3 . . . . . . . . .  
Y ' l ,  W m 3 ,  . 
A ,  kcal/m*hr'oC' * * '  *. . . . . .  
r , kca 1 /kg 
C 

P '  
kcal/kg O C  . ' ' . . . . . . .  

12804 
2,26 
10,25 
70,88 
0,0328 

12139 
3.77 
10,m 
70;65 
0,0328 

126U 
7 ,07 
10,83 
70,4 
0,0329 

12531 
13,23 
11,15 
70.06 
0,0329 

12361 
29,56 
11,53* 
6 9 4 3  
0,0330 

6-1 0 2 ,  kg/m . . . . . . . .  4.08 4.01 3,90* 3,70 * 3.60 
v.108, m2/sec . . . .  6,92 6,77 6,60 6 4 1  6,14* 
p * 1 0 3 ,  kq*sec/m2. . . .  9,03 8,79 8,50 8,19 7,74 

1 ~~ ~ m2/hr 0 . . . .  ~2,43 2,50 2,59 2,63 2,80 * 
Pro10 . . . . .  10,2 9,68 9,07 8,57 7,90 * 
t S '  O C  328 355,9 395.8 442.4 515,5 

* Produced by ext  rapol a t  ion. 
;k* Values o f  p calculated from values o f  v presented i n  tab le .  

Commas indicate  decimal points.  
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of information concerning its activities and the res& thereof.” 

-NATIONAL AERONAUTICSAND SPACE ACT OF 1958 

ADMINISTRATION 

If Undeliverable (Section 158 
Posd Manual ) Do Nor Return 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 


TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica­
tion, or other reasons, 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 

TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include conference proceedings, 
monographs, data compilations, handbooks, 
sourcebooks,and special bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and 
Technology Surveys. 

Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE 

NATI0NA L AE R 0NAUT1CS AN D SPACE AD MIN I STRATI0N 
Washington, D.C. PO546 


